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ABSTRACT 
 
Integrally moulded hinges and tension bands are important features in packaging components for plastic closures 
and their function is critically dependent on the flow induced micromorphology in the hinge section. Polymer 
characteristics and processing of the hinge also have an influence on the hinge properties obtained. This study is 
aimed at obtaining interrelationships between polymer characteristics, in-cavity flow, microstructure development 
and hinge properties, to produce hinges with enhanced functional properties. Three different virgin polypropylene 
(PP) grades were investigated (homopolymer PP-H, random copolymer PP-RC and ‘impact’ copolymer PP-IC) and 
injection moulding simulation was carried out using Moldflow software. 
In-cavity data acquisition has been carried out for different sets of injection moulding conditions, using high 
performance transducers and a data acquisition system. A comparison between Moldflow simulation and practical 
injection moulding data suggests that, for thin wall injection moulded components the real time pressure data are in 
close agreement during the injection stage. During the packing stage there is some disagreement between these 
data, since the thickness of hinge and tension band sections are 0.4 mm and 0.5 mm respectively, suggesting that 
these dimensions are extending the capability of the software.An extensive study using a design of experiments 
(DoE) approach was carried out on both practical and predictive data. Injection velocity and melt temperature were 
the most influential factors on the component mechanical properties. From the optical micrographs it is observed 
that PP-RC has a finer micro-structure compared to PP-H and PP-IC and some micrographs confirm Moldflow 
simulation results in which hesitation effects are evident, as the flow converges into the thin hinge and tension band 
sections. 
PP-clay nanocomposites (PP-CN) were prepared using a twin screw compounder. Transmission electron 
microscopy (TEM) has shown some evidence of dispersion and exfoliation of the clay particles in the PP matrix. 
However, X-ray diffraction (XRD) results show a reduction in inter-layer spacing of PPCN’s possibly due to clay 
compaction. The addition of nano-clay however has not resulted in any significant improvements in the mechanical 
properties of hinges and tension bands. The high degree of molecular orientation induced in the hinge and tension-
band sections appears to mask any improvements attributed to the addition of nano-clay. 
From the reprocessed and post consumer recyclate (PCR) study conducted on hinges and tension bands, it is seen 
that with an increase in both the re-processing and PCR content there is a decrease in the component strength of 
around 14%, giving scope to potentially use PCR in future packaging applications.  
Investigations conducted on colour pigments (violet and green) reveal that the onset of crystallisation for green 
pigmented mouldings is considerably higher (16°C) than for natural and violet mouldings. Optical micrographs also 
reveal a finer microstructural texture for green components, indicating a high nucleating capability of the green 
pigment. Irrespective of the colour, both for hinges and tension bands, the yield stress values were around twice as 
high as the values quoted in the manufacturer’s data sheet for isotropic PP, due to the high levels of molecular 
orientation in the hinge and tension band sections.  
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In order to industrially validate the findings from the DoE study, commercial closures were produced in industry on 
a production tool then characterised. In the case of tension bands, there was a good agreement between the 
results obtained from lab scale and industrial study due to the relatively simple geometry. For hinges this 
agreement is not so clear.  
Finally a comparison of mechanical properties of the 3 PP grades shows that PP-H has a higher yield stress 
compared to PP-IC and PP-RC and yield stress is significantly higher (yield strain values are lower) than values 
quoted by the manufacturer. The PhD study has confirmed the process conditions that are able to optimise all the 
interactive effects to improve functional properties in high volume parts in the packaging industry. 
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1 INTRODUCTION AND OBJECTIVES  
1.1 INTRODUCTION 
 
Propylene was first polymerised by Natta in 1955 to produce polypropylene (PP) and 
Hoechst introduced polypropylene into the market in 1965 [1]. It is a semi-crystalline 
polymer having a high strength to weight ratio and this makes it very useful in industrial 
applications. It has the lowest density known in an industrial polymer and exhibits high 
stiffness, hardness and tensile strength. It can be prepared in isotactic, atactic or 
syndiotactic form [1,2] and melts within a temperature range of 160 – 170° C. 
Polypropylene can be processed by a variety of techniques including injection moulding, 
extrusion, blow moulding, compression moulding, casting and thermoforming. 
Polypropylene is used in a wide variety of applications including packaging, automotive, 
textile and medical devices. 
From the packaging point of view, one of the most specific applications of polypropylene 
is in the manufacture of integrally moulded ‘living hinges’. A thin section of plastic which 
connects two segments of a part together and allowing the segments to move around its 
axis, is called a living hinge, which allows the part to be opened and closed for more 
than a million cycles before failure, and hence the name ‘living hinge’. The three 
important factors which are critical to the performance of a living hinge are:  
i. Material choice 
ii. Hinge design and geometry 
iii. Processing condition and induced microstructure 
Fatigue resistance of polypropylene makes it the best suitable material for the 
manufacture of living hinges. An important factor in increasing the mechanical durability 
of the hinge is the orientation of molecules in the hinge section. The polymer chains 
should be oriented perpendicular to the movement of the hinge section. The presence 
of carbon - carbon covalent bond provides excellent toughness and fatigue resistance in 
the direction of orientation. The orientation is induced during flow and upon cooling the 
orientation is frozen. To enhance this orientation of the molecules across the thickness 
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of the hinge section, it is a common practice in the industry to flex these hinges as soon 
as the part is ejected from the mould, whilst they are still hot. Living hinges are thin 
sections, with thickness typically in the range of 0.25 to 0.5 mm. If the hinge section is 
thick, its durability may be reduced, as it may break easily during flexing, because of 
reduced orientation [3] [4]. 
The most important method for manufacturing plastic parts is injection moulding. Living 
hinges are manufactured using high speed injection moulding processes. Modern 
injection moulding machines have sophisticated microprocessor control which enables 
moulding of precision parts with close tolerances in high volumes and with good 
reproducibility [5]. 
 
 
Figure 1.1: An injection moulded closure containing a hinge and tension band mechanism (the 
dimensions shown are those of the hinge and tension band geometries in the instrumented 
mould) 
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Figure 1.2: Bottles containing a hinge and tension band in their closures, used for packing 
various Unilever products (photographs courtesy of Unilever) 
 
Integrally moulded hinges and tension bands are important features in caps and 
closures for home and personal care products like shower gel, deodorant, shampoo, 
moisturizing lotion, and washing up liquids. The caps and closures for these products 
make use of the functional properties of the hinge and tension band. The functionality of 
the hinge is critically dependent on the localised flow mechanism in the hinge section, 
which in turn determines the development of the micro-morphology in the hinge section. 
However, little research has been carried out in the past regarding the inter-
relationships between polymer characteristics, in-cavity flow, microstructure 
development and subsequent hinge properties. Also study of flow properties and 
simulation of injection moulded hinges have not been widely reported [6]. 
For future innovation in thin-wall packaging, property improvement, along with cost 
reduction, can be achieved by the use of polymer composites, in which the polymer acts 
as the continuous phase and a reinforcement or filler acts as a dispersed phase. Recent 
developments in technology have led to the use of nano scale-fillers in producing 
polymer nanocomposites, whereby the reinforcing particle has at least one of its 
dimensions in the nano scale, i.e. less than 100 nanometres (nm). The surface to 
volume ratio of nano-filler particles is very high. This relatively large surface area 
exhibited by the nano-filler makes it possible to improve the mechanical, thermal and 
gas barrier properties of the polymer nanocomposite, at relatively low levels of nano-
filler loadings, as compared to conventional micro-scale fillers. Some of the important 
factors affecting the properties of polymer nanocomposites are, dispersion and 
exfoliation of the filler, morphology of the polymer nanocomposite matrix, crystallinity, 
molecular weight of polymer matrix and the type of nano-filler used. Some of the nano-
fillers used in polymer composites are montmorillonite organoclays (MMT), carbon 
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nano-fibres (CNFs), carbon nano-tubes (CNT’s) and nano-silica (N-silica). The most 
commonly used clays are those belonging to the smectite group of minerals such as 
MMT [7,8]. Therefore we will aim to investigate PPCN’s in thin-walled injection moulded 
hinges. 
Currently, plastic recycling is gaining more and more importance, as a part of 
sustainable waste management. Plastics can be recycled for obtaining either material or 
calorific value. Since plastic waste that is recycled is from post-industrial or post-
consumer sources, plastic recycling potentially helps us to conserve our natural 
resources, saves landfill space, conserves energy and reduces greenhouse gas 
emissions. Material recycling and energy recovery of post-consumer plastic differs from 
country to country. A study conducted by Prognos, a Swiss consultancy [9], showed that 
in countries like Switzerland, Germany, Sweden and Denmark there is very little landfill. 
These countries also have high recovery rates on both recycling and energy recovery. 
When a product is manufactured using raw material from recycled products, it utilizes 
less energy in production compared to manufacturing the same product from virgin 
material. Recycling helps in minimizing the energy spent on industrial production and 
hence helps in reducing greenhouse gas emissions. Recycling of plastics from the 
packaging sector would create a positive impact on energy saving and in reduction of 
greenhouse gas emissions [9,10].As more plastics are recovered in EU and UK more 
post-consumer plastics is available. Due to the improvements in sorting technology 
higher quality polymer recyclate (PCR) is being available. Therefore a part of this study 
aims at investigating potential for use of PCR-PP in manufacturing closures containing 
thin-walled hinges. 
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1.2 OBJECTIVES 
 
This project aims to utilise process simulation methodologies into the high volume 
packaging sector, which is a standard practice in other areas such as the automotive 
and electronic industries. By comparing real time injection moulding data with 
simulation, this project aims to provide a better understanding of the outcomes 
predicted by Moldflow simulation of injection moulded hinges and tension bands. This 
knowledge will help in improving the design and optimising the production of closures 
containing a hinge and tensions mechanism. 
 
a) HIGH LEVEL OBJECTIVES: 
 To increase the scientific knowledge of factors influencing properties of injection 
moulded hinges; 
 Utilising the benefits of injection moulding simulation into the high volume 
packaging sector; 
 To investigate the potential use of post consumer recyclate PP in injection 
moulding closures containing hinges 
 To investigate the possibility of using polyolefin based nano composites in high 
volume packaging applications; 
 To understand the effect of selected pigments on the strength and durability of 
thin wall sections (closures containing hinges); 
 sustainability enhancement in the packaging sector; 
 Possible light weighting of caps and closures, sustainability enhancement in the 
packaging sector; using PP clay nano composites (PPCN’s) 
 
b) SPECIFIC OBJECTIVES: 
MATERIAL 
 To select and characterise (using gel permeation chromatography [GPC], 
rheology, melt flow rate [MFR], differential scanning calarometry [DSC] ) the 
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appropriate grades of polypropylene (3 grades PP homopolymer, PP impact 
copolymer and PP random copolymer) to be used for the study; 
INJECTION MOULDING IN-CAVITY PRESSURE MEASUREMENT AND 
MOLDFLOW SIMULATION 
 
 To check the accuracy and reliability of the injection moulding machine to be 
used for the duration of the project, by performing necessary checks and 
validation experiments; 
 To perform a full validation of the in-cavity pressure measurement system - 
based on the mould tool designed;  
 Using Autodesk Moldflow Insight (AMI), simulate and study the effect of different 
processing conditions on the injection moulding process; 
 To compliment process simulation with practical verification - compare the results 
obtained from simulation with actual practical results; 
PROCESS OPTIMISATION USING DESIGN OF EXPERIMENTS (DoE) 
 Using Design of Experiments (DoE) methodology, identify the most influential 
factors affecting the mechanical properties and microstructure developed in the 
injection moulded hinges and tension bands, using various grades of PP 
 To devise a new test method to conduct tensile testing, to determine the strength 
and durability of hinges  
 To understand the interrelationship between polymer characteristics, in-cavity 
flow, microstructure development and subsequent hinge properties, using optical 
microscopy (OM) 
 To utilise DoE to optimise the injection moulding conditions for the manufacture 
of hinges and tension bands, for all the 3 PP grades under investigation  
 To verify predicted data by conducting industrial process investigation on the PP 
homopolymer -  based on the findings from the initial DoE study, implement a 3 
factor DoE to mould closures with hinge and tension band mechanism 
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 Conduct tensile testing to determine the tensile strength, and durability of thin-
wall sections in order to improving the mechanical durability of the commercial 
closures containing hinges; 
POST CONSUMER RECYCLATE 
 To enhance post-consumer waste management strategies and to investigate the 
possibility of using post-consumer recyclate PP (PCR-PP) in the production of 
closures containing hinges and tension bands mechanisms; 
 To use the optimised DoE conditions for the injection moulding samples of PCR-
PP; 
 To characterise the PCR material used for the study using (MFR, dynamic 
mechanical analysis [DMA],DSC); 
 To use PP recyclate in hinged components and to study its effect on the 
processing and properties of hinge and tension bands, using a full composition 
range from 0-100% PCR-PP, with virgin PP homopolymer as control; 
 To investigate the effect of using re-processed PP in moulding closures 
containing hinge and tension band mechanism; 
POLYPROPYLENE NANOCOMPOSITES (PPCN’s) 
 To prepare nano-clay masterbatch to be used in the formulations; 
 To determine the optimum percentage of organo nano clay (Cloisite-15A) in 
manufacturing hinges and tension bands with improved tensile strength;  
 To prepare and test 2 series of compounds with and without erucamide (co-
intercalant) with clay concentrations  – 1%, 2%, 3%, 4% and 5% ; 
 To mould PPCN’s hinge and tension band samples using optimised injection 
moulding conditions; 
 To characterise using XRD,TEM, the structure of the PPCN mouldings; 
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COLOUR MASTERBATCHES USED FOR POLYPROPYLENE 
 To investigate the effect of colour masterbatches on injection moulded thin-wall 
hinges and tension bands using two colours with un-pigmented PP 
homopolymer, as a control (green and dark blue are the choice of colours to be 
investigated); 
 To implement a 2 factor DoE to optimise the injection moulding process for 
coloured mouldings; 
 To conduct commercial process investigations on the PP homopolymer with 6% 
green masterbatch loading - based on the findings from the initial DoE study, 
implement a 3 factor DoE to mould closures with hinge and tension band 
mechanism (PP homopolymer natural as control) 
 To conduct tensile testing to determine the tensile strength and durability of 
hinges and tension bands, and to use optical microscopy to understand the 
microstructure developed in the closures with and without masterbatch; 
 
Overall, in order to comply with the project objectives, a large number of specific 
objectives have been defined as part of the overall ‘Research Plan’. This is reflected by 
the chapter structure of the PhD thesis. 
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2. LITERATURE REVIEW 
2.1 INJECTION MOULDING MACHINES AND MOULDS 
Injection moulding is a widely used technique to process thermoplastic materials. It is a 
cyclic process characterised by high production rates and tight geometric tolerances. 
The plastic granules/pellets are melted using a combination of conductive heat from 
heater bands surrounding the barrel and shear heat created by a rotating screw inside 
the barrel, and injected into a mould cavity where it is held under pressure until the 
plastic cools and is strong enough to be ejected out of the mould without damage. The 
process of injection moulding has today evolved to a high technical level. Areas of 
interest to moulding machine designers and engineers include process control and 
quality assurance. 
 A typical injection moulding machine consists of two major units: namely the injection 
unit and the clamp unit. Machines are classified primarily by the type of driving systems 
they use: hydraulic or electric [11].  
 
Figure 2.1: Schematic diagram of an injection moulding machine. (Figure taken from 
http://www.design-technology.org/injectionmoulding2.htm) 
 
10 
 
Injection moulding machines can be made more energy efficient by employing direct 
electric drives instead of hydraulic drives wherever possible. For low and average 
clamping requirements, direct electric drives have a considerable potential to save 
energy. In instances where larger clamping forces are required, a combination of 
hydraulic and electric drive systems, or the so-called hybrid drives, provide significant 
energy efficiency [12]. Another classification is based on the screw types namely, 
reciprocating screw type and ram/plunger type machines. A third classification based on 
the number of stages the plasticating unit operates are single stage machine and two 
stage machine [11]. 
2.1.1 INJECTION UNIT 
The basic functions of an injection unit are melting and homogenising the polymer melt, 
melt conveying, pressurising and feeding the molten polymer to the mould under 
controlled conditions. Figure 2.2 shows the injection unit of the Negri Bossi machine 
used in the project. The injection unit mainly consists of the barrel, screw, nozzle, 
hoppers and barrel, feeders, screw drive systems, barrel heating elements and in some 
cases even barrel cooling devices for temperature sensitive materials like UPVC. 
 
 
Figure 2.2: Injection unit of NB 62 
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Figure 2.3: Injection unit, screw back position  
 
 
Figure 2.4: Injection unit, screw forward position 
 
Figure 2.3 and Figure 2.4 show the injection unit of the Negri Bossi NB 62 with the 
screw in back and forward positions respectively. Injection units are based on two 
distinct designs of system: namely the plunger and the reciprocating screw designs. The 
latter is almost extensively employed on modern moulding machines. The barrel houses 
the screw and is designed to withstand high pressure, high temperature differentials, as 
well as being corrosion and wear resistant. One-piece construction of the barrel relies 
upon nitriding the steel to obtain the wear resistance. Two-piece barrels utilise two 
metals (bi metallic). In this case the inner liner that imparts wear resistance will be made 
from an alloy of chromium, or nickel-chromium base containing tungsten carbide. In 
some injection moulding machines the barrel is grooved in the feed section, so as to 
impart increased friction between the polymer pellets and the inner wall of the barrel. 
This can be used when powder blends are used for injection moulding. However, the 
12 
 
screw should be designed strong enough and the correct steel alloy should be selected 
to withstand the increased load. Adequate cooling channels should be in place to 
extract the extra heat generated due to the friction. 
The screw in an injection moulding machine is capable of rotating as well as moving 
forwards and backwards [13]. The screw has three main sections namely the feed zone, 
metering zone and the compression zone. The screw shown in Figure 2.5 is the one 
used in the NB 62. 
 
 
Figure 2.5: Injection moulding screw 
 
 FEED ZONE 
The feed zone is the section of the screw starting below the hopper and this section has 
the maximum channel depth. The main function of the feed zone is preheating and 
conveying the feed to the compression zone without over feeding or starving. 
 COMPRESSION ZONE  
After the feed zone is a compression zone. The channel depth in this section of the 
screw decreases continuously as we move along the length of the compression zone. 
The main function of the compression zone is to transform the polymer in pellet form to 
a melt. Ideally the polymer should have been completely melted before entering the 
metering zone.  
 METERING ZONE   
The channel depth in this zone is constant, however, compared to the other zones of 
the screw, the metering zone has the least channel depth. The main function of the 
metering zone is to homogenise the melt and impose adequate mixing before it is 
injected into the mould. The ratio of the flight depth in the feed zone to that in the 
metering zone gives the compression ratio of the screw [11]. 
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 NOZZLE  
A nozzle is located at the end of the barrel and it is the contact point between the 
injection unit and the sprue bush. Figure 2.6 shows the nozzle used on the NB 62 
machine.  
 
Figure 2.6: Nozzle used on the NB 62 
The diameter of the hole in the nozzle is made smaller than the diameter of the hole in 
the sprue bush. This is done to achieve good alignment between the barrel and the 
mould and also to facilitate easy removal of the sprue from the mould during ejection. A 
hopper is the cylindrical container made of aluminium or steel, which is on a water 
cooled hopper block. The level of material in the hopper can influence the output rate of 
the machine significantly. Therefore it is a good practice to maintain the feed level in the 
hopper above 25% of the total capacity of the hopper [13]. 
2.1.2 CLAMP UNIT 
The clamping unit helps to secure the two mould halves under considerable pressure, 
when the molten polymer is being injected into the mould. It consists of two platens onto 
which the mould halves are mounted. The clamping unit assists in mould opening and 
closing. Insufficient clamping force would generate flash in the moulding. However, too 
much clamp force will cause the mould to bow in the middle. The maximum clamp 
action is the maximum distance between the machine platens when the clamp is open. 
The clamp shut height is the minimum distance between machine platens when the 
clamp is closed. The main types of clamping system are : 
 direct hydraulic clamping, 
 toggle lock clamping system, 
 hydro mechanical clamping system. 
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Figure 2.7: Toggle clamping mechanism used in injection moulding. Figure taken from 
http://www.beejaymolding.com/Clamping-unit.html 
In the hydraulic clamping system a hydraulic force is applied using high pressure fluid 
on to a ram piston directly attached to the machine moving platen to facilitate the 
closing of the mould. A pressure applied under the piston crown enables mould 
opening. The product of the maximum hydraulic pressure capable of being exerted and 
the projected area of the platen gives the maximum tonnage of the injection moulding 
machine. In the toggle system, mechanical linkage is utilised to develop the force 
required for mould closing and opening. Collapsing of the link assembly facilitates the 
opening of the mould and erection of the assembly closes and locks the mould. A 
mechanical advantage due to the design of the linkage assembly causes an increase in 
the applied force, a multiplication of 20:1 is generated on actuation. Bigger machines 
that require higher clamping force, use double toggle mechanisms for clamping. A 
hydromechanical clamping system is a combination of mechanical and hydraulic clamp 
systems used to increase the speed of operation. The NB 62 used in this project uses a 
toggle clamp system. 
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Minimum clamp force required to maintain the mould in a closed position during the 
moulding process can be calculated using the following equation: 
CFm = (Ap x Pc  )           [2.1] 
Where, 
CFm  = the minimum clamp force (tonnes). 
Ap  = projected area of the cavity including runners and sprue, (m2).  
Pc  = pressure inside the cavity, (Pa) 
Generally in industry a 20% safety factor is included for the clamping force calculations 
[11]. 
2.1.3 MOULD 
The mould consists of two different sets of components: the cavities and cores and the 
base onto which these are mounted.  
 
Figure 2.8: An injection mould cavity. (Figure courtesy of Rutland Plastics) 
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The mould dictates the size, shape, dimensions and the finish of the product being 
moulded and it also helps in solidifying the moulded product. The mould core, also 
called the male part is usually the moving part of the mould. The moulding tends to 
shrink onto the core due to the shrinkage characteristics. Because the machine ejection 
system is located behind the moving platen of the moulding, the core half of the mould 
is generally clamped to the moving platen of the machine. The mould cavity, also called 
the female part is generally clamped to the fixed platen of the injection moulding 
machine. 
The feed system is generally incorporated in the cavity half of the mould. The hollow 
volume produced when the core and the cavity are brought together during the closing 
of the mould is referred to as the mould impression. The number of impressions 
contained within a mould characterise the mould tool size. Moulds can be classified into 
six different types based on industrial classification as cold runner two-plate, cold runner 
three-plate, hot runners (also called as runnerless moulds), insulated hot runner 
moulds, hot manifold moulds and stacked moulds [5,14]. 
 
2.2 INJECTION MOULDING OF POLYPROPYLENE, 
INCLUDING TECHNOLOGY FOR MOULDING THIN WALLED 
SECTIONS 
 
A study conducted by Wang and Young [15] to determine the effect of processing 
conditions on thin walled injection moulded components, showed that the mould 
temperature had an effect on residual stresses whereas the packing pressure had no 
influence on the residual stresses in the parts [15]. Apart from ordinary injection 
moulding process, another technology that is being used to mould thin wall 
components, is high speed injection moulding. One of the most important attributes in 
this process is the polymer used, which should possess extremely good flow behaviour 
at lower temperatures. In order to run a high speed injection moulding process, ideally 
the moulding machine should have high opening and closing speeds, high plasticising 
capacity and high injection speeds. A clamp unit with a toggle mechanism is more 
suitable for high speed opening and closing. For processing of polypropylene by this 
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technique, an L/D ratio of 25:1 is preferred. Typical injection times of less than 0.1 s are 
desirable [16]. 
Barry et al [17] conducted a study on the effect of mould filling on living hinge 
performance and according to this study, three filling characteristics, melt front 
advancement, skin orientation and hinge fill time, all correlated to hinge quality. From 
this study it was determined that for a good quality hinge to be moulded, the melt front 
advancing into the hinge section should be continuous and also parallel to the axis of 
the hinge’s rotation. This means that the flow front should be parallel if compared from 
one isochrone to another; (an isochrone is a line of connecting points at the same time). 
The orientation of the polymer chains in the hinge section should be perpendicular to 
the hinge’s axis of rotation. For this reason, after ejection of the living hinge parts from 
the mould, they are flexed immediately, whilst they are still hot. This ensures that 
majority of the molecular chains are oriented in the direction of tension thus increasing 
the ultimate tensile strength in this direction, and thereby improving the durability of the 
hinge. Tensile strength is higher in the direction of flow (direction of orientation) 
compared to the tensile strength in the direction normal to that of the flow. This is due to 
the fact that the strength of the carbon-carbon covalent bond is high compared to 
intermolecular forces between the polymer chains. According to Barry et al, the hinge fill 
time percentage as compared to the fill time for the part was the most critical factor in 
determining the hinge quality. Hinge fill time percentage, is the ratio of time taken by the 
polymer melt, to cross the hinge section, over the time taken by the melt to fill the cavity  
Hinge fill time % = (tff / tcav )                     [2.2] 
tff  = Time taken in seconds, by the flow front from the start of injection, to cross the 
hinge section 
tcav = Time taken iin seconds, by the flow front from the start of injection, to fill the cavity 
completely 
According to Brannon et al, fill time percentages less than 11% should be targeted, to 
avoid hesitation and enable complete filling of the part [17]. 
A study on structural development in thin wall injection moulding processes was 
conducted by Ito et al [18]. It was observed that the molecular orientation was maximum 
in the machine direction, in the region closest to the gate and decreased as the distance 
from the gate increased. This was because there was a high shear flow in the gate 
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region which caused higher orientation induced crystallinity on PP close to the gate 
region. The tensile strength and Young’s modulus increased with an increase in 
molecular orientation. Similarly, the crystallinity of polymer showed a greater value in 
the vicinity of the gate. Mould temperature also had an effect on crystallinity: crystallinity 
decreased with a decrease in mould temperature.[18]  
A similar study conducted by Farah et.al. on morphological characterisation of shear 
induced crystallisation of isotactic polypropylene showed that an extruded isotactic 
polypropylene part contained a highly oriented layer close to the die wall and towards its 
core it contained spherulites. The fibril orientation close to the die wall could be 
associated with high shear rates, i.e. flow induced crystallisation. The spherulitic 
morphology in the centre could be associated with smaller shear rates, meaning the 
crystallisation was quiescent [19]. 
2.2.1 PROBLEMS FACED DURING INJECTION MOULDING OF 
THIN SECTIONS  
 
Injection moulding of thin sections causes issues which are not observed in 
conventional injection moulding. The thickness of thin walled injection moulded 
components are typically less than 1mm, and this causes the polymer melt to freeze 
very quickly when passing through the thin section. This in turn increases the viscosity 
of the melt and the thickness of the frozen layer. An increase in the thickness of the 
frozen layer means that the effective flow thickness is reduced further. Both these 
factors namely, increase in melt viscosity and decrease in the thickness of the flow front 
demands a higher filling pressure, in order to produce a good quality moulding. To 
prevent this problem, while moulding thin walled components, higher injection pressures 
and faster injection rates are required. A study conducted by Marth et al [20] on the 
establishment of a processing window for injection moulding of thin walled syndiotactic 
polystyrene, showed that a moulding machine capable of delivering high injection 
pressure and fast injection rate was required for producing good quality mouldings. 
Modern electrical injection moulding machines have the option of doubling the injection 
pressure while moulding thin walled parts [20] [21]. The equations and the frozen layer 
approach for filling of thin wall components during injection moulding is discussed in 
section 2.4.1.b 
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2.2.2 MOLECULAR ORIENTATION, CRYSTALLINITY AND 
RESIDUAL STRESSES IN INJECTION MOULDING  
 
A study on the build-up of orientation, crystallinity and residual stresses in injection 
moulding process was carried out by Ben et al [22]. Molecular orientation at different 
thicknesses of the moulding was studied. In the surfaces closer to the mould, fountain 
like flow dominates the orientation of the molecules in the flow direction, whilst towards 
the centre of the moulding, molecular orientation is dominated by shear flow. Generally, 
higher the flow rate, the higher the orientation in the flow direction. The degree of 
orientation in the skin layer is at a maximum because the melt cools instantaneously on 
contact with the mould surface, thereby freezing in the orientation. However, the 
orientation decreases gradually just below the skin layer and increases to a second 
maximum at a short distance from the skin layer and then again starts to decrease. The 
presence of high shear rates at the skin and the polymer melt interface orients the 
molecules thus giving rise to the second maximum [22]. 
Towards the centre of the moulding, the level of orientation is lower as the shear 
stresses are lower and the molecules have more time to relax compared to the 
molecules in the skin layer [23]. 
Harland et al [24] studied the orientation in PP, along the flow path from the gate 
towards the end of fill. A similar pattern was observed, where the orientation was 
highest at the gate area and decreased rapidly, whilst at the midpoint of flow there was 
a second maximum observed as the shear flow is restored in this area and causes 
molecular orientation [24]. Melt temperature of PP also governs the orientation. A higher 
melt temperature would reduce the molecular orientation because the increased time 
available with cooling for the molecules to relax after the flow has stopped is longer. The 
final degree of orientation in the core, depends on the cooling time and the relaxation 
time of the polymer. If the cooling time is higher than the relaxation time, the orientation 
in the core will be completely lost. Molecular orientation also causes anisotropy and 
therefore leads to directional shrinkage. Shrinkage is greater in the direction of flow or 
direction of orientation and is less in the transverse direction. However, in the case of 
polymers filled with fibre reinforcing materials, the shrinkage is less in the flow direction 
and more in the transverse direction because of the fact that the aligned mineral fillers 
20 
 
or fibres have lower coefficient of thermal expansion, and hence shrink less than the 
polymer [5].  
Residual stresses build up in injection moulded components comprise of flow inducted 
stresses, which arise during the filling and packing stages, and thermally induced 
stresses which arise during the cooling phase. If the moulding is cooled uniformly and 
symmetrically, the final residual stress distribution is also symmetrical. Crystalline 
entities in mouldings have an influence in changing the level and distribution of 
molecular orientation of the moulding. Polymers with flexible backbones on chains are 
capable of undergoing rapid crystallisation and are called “fast crystallising polymers”. 
Kantz et.al. [25] investigated the microstructure of a grade of injection moulded 
polypropylene and found that the morphology was comprised of three distinct regions. 
The skin was highly oriented and non-spherulitic, the intermediate layer was a shear 
nucleated spherulitic layer and the core was spherulitic [25]. A study on the morphology 
of the skin layer of another grade of injection moulded polypropylene by Wenig et al [26] 
revealed a “shish kebab” crystalline structure, as a result of high shear stresses 
generated in the skin layer. [26].The crystallinity of the moulding also increases with an 
increase in the mould temperature. At higher mould temperatures, the thermal 
crystallisation rate increases and the cooling rate decreases [27].The effect of 
temperature and stress levels on induction time, i.e. the time interval between the 
application of stress on the polymer and the onset of crystallisation was studied by 
Chien et al [28]. It was found that an increase in the shear rate reduced the induction 
time considerably [28]. Farrer et al [29] confirmed by differential thermal rheometry that 
an increase in the applied stress during injection moulding increases the crystallisation 
temperature and the crystallinity of PP [29]. 
2.2.3 FILLING TO PACKING SWITCH OVER POINT (V/P 
SWITCH OVER) FOR INJECTION MOULDING 
 
Optimised time of switch over from filling to hold-on can result in better quality 
mouldings. Ming et al, [30] studied the cavity pressure to predict the filling to packing 
switchover point which in turn influences the part quality such as the mass, dimensional 
stability and mechanical behaviour. Studies have also shown that the consistency of the 
cavity pressure curve in each shot helps to maintain a high yield rate from the injection 
moulding process. The two extremes of switchover can be switching over too early, or 
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switching over too late. Switching over too early can create under packing in the mould, 
as the filling process would still continue in the packing phase. 
 
 
Figure 2.9: Cavity pressure v Injection time 
 
However, once the switchover has taken place, the pressure switches to the set packing 
pressure from injection pressure, and the filling time would not have been sufficient to fill 
the moulding. In other words the moulding would be filled in the packing phase. 
Switching over too late can cause over-packing and stress build up in the moulding. A 
study was conducted to compare four switch over methods, based on screw position, 
injection time, near gate or further from gate position. It was found that sensing near the 
gate made it harder to determine the switch over point compared to sensing far from the 
gate. However, the disadvantage of the latter would be insufficient time available for 
switching before the cavity is over-packed [30]. A study conducted by Chen et al [31] on 
thin walled injection moulded components also identified that filling to packing 
switchover and packing pressure, affected the moulded products. Optimising these 
parameters is crucial in obtaining a good quality moulding. The optimum switch over 
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was found to be at 95% of the injection stroke, where the pressure curves showed a 
gradual transition from filling stage to the packing stage. If the switch over is either too 
early or too late, there would be a pressure spike in the curve, which is not acceptable. 
Switching over too early would cause more shrinkage and sink marks on the product. 
Switching over too late would cause high residual stresses in the moulding and also 
flashing in some cases [31]. 
2.2.4 EFFECT OF PACKING PRESSURE ON MORPHOLOGY OF 
INJECTION MOULDED POLYPROPYLENE 
 
The packing pressure also has an effect on the morphology of the injection moulded 
components. This is because the rheological properties and the re-crystallisation 
temperature of isotactic polypropylene change significantly under high pressures. A 
study conducted by R.Pantani [32] showed that higher packing pressures also 
decreased the gate freezing time and increased the skin layer thickness. This was due 
to the fact that the skin layer consisted of highly oriented molecules in the direction of 
flow, and with an increase in pressure, the amount of molecular orientation increased 
resulting in thicker skin layer. As confirmed by many other studies, the spherulite size is 
small close to the skin and is larger away from the skin, towards the centre core. Also 
the thickness of the skin layer increases as the distance from the gate increases, 
reaching a maximum, and then begins to drop again, reaching a lower value at a 
position far away from the gate. The overall crystallinity distribution was not affected by 
the packing pressure [32]. 
2.2.5 ULTRA THIN WALLED INJECTION MOULDING 
 
Ultra thin walled injection moulded components have a conventional wall thickness of 1 
mm or less and very high flow to thickness ratio in the range of 100 to 150. Usually for 
moulding thin walled components, the injection moulding machine has an additional 
accumulator to facilitate high speed filling in a short time. A study conducted by Song et 
al [33] on the effect of injection moulding parameters on thin walled mouldings, showed 
that for successful filling of the part, the injection rate plays the main role. Higher melt 
temperature helps in achieving a completely filled part. However, the most influential 
factor for a completely filled part was the injection rate [33]. 
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2.3 FUNDAMENTALS OF MOULD CAVITY PRESSURE 
MEASUREMENT – GENERAL OVERVIEW 
 
Monitoring in-cavity data during injection moulding helps to detect any fluctuations 
during the moulding process. In-cavity data monitoring is a useful tool in quality control 
of the moulding process, as a better understanding of the process is possible with the 
in-cavity data obtained. In-cavity pressure monitoring helps to detect faults at an early 
stage of the process and take corrective measures. This helps to optimise the process 
quicker, therefore reducing the amount of scrap. Automatic generation of production 
and quality reports is possible, with the use of in-cavity data acquisition systems. In-
cavity pressure measurements during the injection moulding process offers many 
advantages, such as optimising the cycle times, minimising material and reducing 
scrap, mould protection and so on. Mould cavity pressure measurements are very 
informative process parameters as they can provide detailed feedback on processes 
occurring during injection and packing phase. Piezoelectric sensors are used in the 
measurement of in-mould cavity pressures. Combined pressure and temperature 
sensors can be used to measure both temperature and pressure inside the mould 
cavity. Figure 2.10 shows a pressure transducer placed inside a mould cavity. 
 
 
Figure 2.10: Mould with in-cavity pressure sensor. Figure courtesy of Kistler 
 
At the start of the injection moulding cycle the pressure is zero, then when the polymer 
melt has reached the position of the pressure transducer within the mould, cavity 
pressure increases and this is seen as an increase in the gradient which continues until 
the cavity is filled. As the injection screw moves forward, the polymer inside the barrel is 
compressed and as the switch over to packing takes place, there is a decrease in the 
screw speed, causing the plastic to expand with reduced pressure. It is the melt 
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compressibility of the polymer that is causing the smooth transition to occur in the 
pressure trace, from mould filling to packing. After reaching a maximum pressure for the 
process, the pressure drops as the polymer starts to cool and starts solidifying, thus 
inhibiting pressure transmission. After the gate freezes, no further pressure is 
transmitted into the cavity and the in- cavity pressure gradually drops to atmospheric 
pressure [34]. A typical in-cavity pressure trace is shown in Figure 2.11. 
 
 
Figure 2.11: A typical in cavity pressure plot: in-cavity pressure v cycle time 
Pressure transducers work on the piezoelectric principle: the ability of some crystalline 
materials to generate an electrical voltage when a mechanical stress is applied.  
 
Figure 2.12: Quartz crystal (above) used in the Kistler pressure transducers 
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In a piezoelectric pressure transducer, a diaphragm transfers the mechanical strain 
developed in the process to a piezoelectric crystal, usually quartz. The electric charge 
generated is expressed in picocoulombs (pC). This charge into a charge amplifier and 
the output obtained is pressure in bars [35]. 
2.4. RHEOLOGY IN INJECTION MOULDING PROCESS 
a) BASIC POLYMER RHEOLOGY 
Polymer melt rheology is the study of deformation and flow behaviour of polymer melts. 
For low molecular weight structures, rheology depends on viscosity and pressure 
whereas for high molecular weight substances, rheology is much more complex to 
understand as the flow is non-ideal. Generally fluids can be classified into two types 
based on their flow:  
 Newtonian  
 non – Newtonian  
For a Newtonian fluid, shear stress is directly proportional to shear rate and viscosity is 
time independent and constant, irrespective of the shear stress. A plot of shear stress 
vs shear rate gives a straight line and the slope of the line gives the viscosity of the 
fluid. For a Newtonian fluid, the following equation holds good: 
߬ ൌ 	μ		ߛሶ                   [2.3] 
where, 
߬ = shear stress (Pa) 
 μ = viscosity (Pa.s) 
 ߛሶ  = shear rate (s-1) 
 
The non- Newtonian fluids can be classified into 
 time- independent fluids  
 time-dependent fluids  
 viscoelastic fluids  
Time – independent fluids can further be classified into  
 pseudoplastic fluids 
 dilatant fluids  
 Bingham fluids 
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For a pseudo plastic fluid, its viscosity decreases with increase in shear rate; this 
behaviour is also called ‘shear thinning’. Most of the commercial thermoplastics are 
shear thinning. This behaviour can be represented by the power law equation or the 
Ostwald-de-Waele equation : 
)(
  K n            [2.4] 
where 
K = consistency index 
n = power law index. 
The same can be represented in logarithmic form as  
 )log()log()log(
  K          [2.5] 
For a fluid that obeys the power law, a plot of log  versus log  will produce a straight 
line and the slope of the line is the power law index (n). A value of n=1 means a 
Newtonian fluid and a value of n < 1 indicates a pseudoplastic material. Also for a 
pseudoplastic material the relationship between the apparent viscosity and power law 
constants is as follows: 
1)( 
 na K             [2.6] 
For a dilatants fluid, its apparent viscosity increases with an increase in shear rate.  
A Bingham plastic fluid is a materials that deforms only above a certain shear stress 
value, known as the critical shear stress or yield stress. Once this critical stress value 
has been exceeded, the material behaves as a Newtonian fluid. These substances obey 
the following equation : 
)(1 y 

          [2.7] 
where  
  y = yield or critical shear stress (Pa) 
A Time–dependent fluid is one whose properties change with time of shearing which is 
attributed to structural changes within the fluid. If its viscosity increases with time the 
material is called rheopeptic and if the viscosity decreases with time the material is 
thixotropic.  
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Viscoelastic materials are those which exhibit both viscous and elastic characteristics 
during deformation. Polymer melts respond to applied stress viscoelastically [36]. 
b) RHEOLOGY OF MOULD FILLING 
In the injection moulding process shear flow and elongational or tensile flow are 
observed, however, shear flow is dominant. Tensile flow accompanies shear flow in 
areas where abrupt changes in section are encountered, for example in the convergent 
sections of the injection nozzle, at the gates and also in the cavity where the thickness 
of the part changes abruptly [37]. During injection moulding, the filling of the mould 
produces a fountain flow or bubble flow pattern. The layer of molten plastic which 
comes in contact with the mould walls will cool and solidify forming a frozen layer. The 
thickness of the frozen layer increases with time until a point where equilibrium is 
reached, i.e. heat lost by conduction is equal to the heat gained from shear heating and 
plastic flow. The layer in between the frozen layers have more time to cool and thereby 
allowing the orientation to relax. The degree of relaxation depends on the rate of 
cooling, slower the rate of cooling, higher the relaxation. Higher the orientation, more 
the product shrinkage. The frozen skin layer in which the molecules are oriented have a 
tendency to shrink but is prevented in doing so by the core layer. Molecular orientations 
are trapped in the skin layer so the molecules are in tension, while molecules in the core 
are in a compressed state [38].  
The total pressure drop while filling the cavity and the feed system is given by the sum 
of pressure drop due to shear flow and that due to tensile flow,  
   TENSILESHEAR PPP )()(          [2.8] 
 
A thin section can be represented by a slit die. For a slit die with depth H, width W, and 
a volumetric flow rate of Q (m3 s-1) , the shear stress and shear rate are given by the 
equations 2.9 and 2.10.  
L
PH
2
             [2.9] 
2
6
WH
Q                       [2.10] 
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Figure 2.13: A slit die of length L, width W and height H 
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2
 nH
LKP  ( )
6
W
Q n          [2.11] 
If H is small, as in the case of thin sections, ∆P will be very high. 
 
 
Figure 2.14: Frozen skin layer (outer layers) and molten polymer in the centre 
 
In thin walled injection moulded components, since H is smaller and the frozen layer 
thickness ∆H is comparatively larger, ∆P becomes even larger. This is the reason why 
thin walled injection moulded components need a very high injection pressure and 
speed [37]. 
2.5 MOLDFLOW SIMULATION SOFTWARE BASICS – 
UNDERPINNING THEORY 
 
Computer simulation software is widely used in the plastic industry to reduce product 
development cost and time while improving the quality of the product. It is normally 
W 
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better to do simulation in the early stages of product design cycle. Most of the design 
verification is now done using computer simulation rather than using physical 
prototypes. Computer simulation can eliminate or minimise moulding trials. The main 
advantage of injection moulding simulation is frontloading, i.e. decisions that used to be 
taken only at a late stage of mould tool design and development process could be 
shifted towards an earlier developmental stage [39]. 
Injection moulding simulation software predicts the flow of plastic into an injection mould 
aiding the designer in the design of the part and its mould. For example the Moldflow 
software mainly gives an idea of plastic flow within the mould, based on the solution of 
complex simultaneous equations of heat transfer and fluid flow. The flow pattern within 
the mould affects the quality of the finished part. Previously, conventional practice of 
designers was to produce large runners and gates so as to achieve complete filling of 
the part and it was believed that bigger the feed system and larger the number of gates, 
better were the chance that the part would fill. However, the use of Moldflow indicate 
that too many gates lead to over-packing, also showing that using smaller feed system 
caused lower pressure drop over the cavity and kept the stress levels lower. 
Latest developments with Moldflow software include simulation process of over 
mouldings and parts with inserts. The part, insert and over-moulding geometry can be 
imported in standard triangulation language (stl) format which can be read by the 
software. Standard values of heat transfer are used by the software between the parts 
that are being over-moulded and the material that is being injected, however, user 
defined values can also be used. In a study conducted by Simcon Kunststofftechnische 
Software GmbH, Germany, simulations of mould temperature as a function of time, 
dimensions of the moulded part and pressure profile over time, at points near and far 
from the gate location, were evaluated. It was seen that the simulated pressure values 
tallied very well with the actual measured pressures. A study conducted on genuine 
industrial projects to assess the impact of simulation software on the time and cost in 
tool developments, proved to reduce costs by between 21 and 40%. It also reduced the 
reworking loop for the mould, thereby saving time [39]. 
Moldflow uses the finite element method (FEM), a numerical technique, to carry out the 
analysis. Moldflow works by analysing a shell mesh of a 3D part model/geometry. In 
other words the 3D model is divided into different sections. The mesh is made up of 3 
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node triangular elements or 4 node tetrahedral elements. The more the number of 
elements per unit volume, the better the prediction accuracy. However, the time taken 
for analysis would increase with an increase in the number of elements. While 
simulating flow, Moldflow calculates a flow front that grows from the first node to 
connecting node, starting at the injection node and the filling analysis continues until the 
flow front reaches the last node [40]. 
2.5.1 FLOW MODELS USED IN MOLDFLOW SOFTWARE 
To simulate the filling packing and cooling phases of an injection moulding process, 
Moldflow requires data on the physical properties of the polymer. To model the injection 
moulding process a viscosity model is necessary. The viscosity model should follow 
certain requirements such as: 
 viscosity decreases with increasing temperature; 
 viscosity decreases with increasing shear rate. 
Some of the models used by Moldflow software are the first order viscosity model also 
called the Moldflow model 1 and Moldflow second order model or Moldflow model 2. 
The aim of the viscosity model is to match the simulation data as close as possible to 
the actual observed data. Equation 2.6 gave the relationship between the apparent 
viscosity and power law constants for a pseudoplastic material: 
 1)( 
 na K                      [2.13a] 
By applying natural logarithm on both sides, the equation can be expressed as 
)ln()(ln)1()ln( Kn
a
           [2.13] 
Studies conducted by Koszkul et al [42] show that for the above model, a plot of )ln(a
and )ln(
 gave a linear relation, suggesting that this model can represent the behaviour 
of polymer melts under high shear rate. This is the reason for using Cross-WLF model 
to simulate flow in Moldflow. Temperature dependence is taken into account by 
introducing an exponential term to equation 2.6: 
)exp()( 1 cTK na  
          [2.14]  
where c is a constant and T is the temperature. 
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Equation 2.14 is the first order viscosity model or Moldflow model 1 used in Moldflow. 
The disadvantage of this model lies in the low shear rate range. To improve simulation 
of low shear rates, Moldflow uses a second order viscosity model, which is as shown in 
equation 2.15 
2
54
2
3210 )ln()ln()ln(ln TATAATAAAa 
       [2.15] 
where A0,A1,A2, A3,A4,A5 are constants. 
This model helps to simulate qualities such as convergence of iso-shear rate curves 
with increasing temperature, convergence of isotherms with increasing shear rates, the 
rate at which viscosity decreases with increasing temperature and shear rates [41]. 
2.5.2 INPUT DATA  
A CAD model of the part geometry is created as a stereolithography (.stl) file which is a 
universal format used in prototyping and CAD. An.stl file is non-parametric and 
represents the surface geometry of a three dimensional object using triangles, in either 
ASCII or binary format. The model can be exported from any CAD software to Moldflow 
for performing the analysis [42]. 
In order to carry out the analysis from a materials point of view, apart from the 
rheological properties and PVT data, other important material properties that need to be 
determined beforehand, are some thermal properties such as thermal conductivity, Tg, 
Tm, specific heat, ejection temperature (if automatic cooling time is used). When using 
fillers, for fibre analysis, filler weight percentage, filler aspect ratio and filler coefficient of 
thermal expansion are required. Melt density, specific heat and thermal conductivity of a 
polymer are required to perform a cooling analysis. Before simulating a material using 
Moldflow, the material data file with .udb extension should be added to the user 
database [42].  
For a polymer, a PVT diagram represents the relationship between pressure, volume 
and temperature. These diagrams relate the dependence of specific volumes on melt 
temperature and holding pressure. For semi-crystalline polymers, the crystalline 
contents reach equilibrium at constant temperature or at very slow cooling rates. For 
this reason PVT plots are measured at constant temperature or very slow cooling rates. 
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The specific heat (Cp) of a material is the amount of heat required to raise the 
temperature of a unit mass of material by one degree centigrade. The specific heat data 
gives a measure of the ability of a material to convert heat input to an actual 
temperature increase. For every material that is used in the Moldflow database, specific 
heats are measured at atmospheric pressure and over a range of temperatures, to the 
maximum processing temperature of the material. Similarly it is important to know the 
thermal conductivity (k) of a material for cooling analysis. Thermal conductivity is the 
rate of heat transfer by conduction per unit length per degree Celsius. Thermal 
conductivity is a measure of the rate at which a material can dissipate heat and 
Moldflow uses this information while making cooling predictions. This rate is measured 
under pressure and at a range of temperatures, with unit of measure being W/m-C 
(watts per meter Celsius). 
Polymer melts are compressible and to account for this behaviour during filling and 
packing simulation Moldflow uses a mathematical PVT model that uses different 
coefficients for different materials, providing a curve of pressure against volume against 
temperature. A modified 2 domain Tait PVT model is used in Moldflow to determine the 
density of the material, as a function of temperature and pressure, using the equation:  
 
),(]
)(
1ln(1)[(),( 10 PTVTB
PcTVPTV         [2.16] 
where  
V(T,P) is the specific volume at temperature T and pressure P 
V0 is the specific volume at zero gauge pressure 
V1(T,P) is the specific volume at transition temperature and zero gauge pressure 
c is a constant 0.0894. 
B(T) accounts for the pressure sensitivity of the material 
V1 (T,P) for semi-crystalline polymers is only applicable to temperatures below the 
transition temperature [42] [38].  
2.5.3 OUTPUT DATA 
For a fill analysis, Moldflow generates text-based and graphical results. The text-based 
results are an analysis log, results summary, analysis check and machine setup. The 
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analysis log provides a summary of results generated at the end of the filling and 
packing phases, reporting any warnings or errors encountered during the process. It 
also includes an analysis progress table, which provides tabular results for each time-
step in the analysis. A summary of various text results for each phase of the analysis or 
analysis sequence is given in a result summary file. The Machine setup result shows 
the parameters that should be used on the injection molding machine, as determined by 
the analysis [42]. 
Graphical results for a filling analysis include air traps, clamp force, fill time, flow rate, 
frozen layer fraction at end of fill, orientation (for fibers mainly), pressure at end of fill, 
pressure at any specified location, pressure at V/P switch over, temperature at flow 
front, maximum shear rate, weld lines, meld line and so on [42].  
When a bubble of air or gas is trapped and compressed in between two flow fronts or 
between the flow front and the cavity wall, an air trap is created which results in a small 
hole in the part. Air traps can occur when the venting in the mould is insufficient. This 
result gives us an idea of the position and the severity of the air trap. Air trap results 
reveal burn marks and short shots [42].  
The clamp force is the resultant value of the pressure distribution over the entire part. It 
is the product of the projected area and the injection pressure and the clamp force result 
shows the force of the mould clamp with respect to time. It is a combination of the force 
resultant from filling and packing pressure that acts to open the mould. For an injection 
moulding process it is good practice to have the maximum clamp force applied to be 
less than approximately 80% of the maximum force achievable by the machine, allowing 
the remaining 20% as a safety factor [42]. 
A fill time result shows the position of the flow front at regular time intervals during filling. 
In Moldflow the fill time results are displayed either as contours or shaded images. If all 
flow paths reach the edge of the part at the same time and if the filling contours are 
evenly spaced, it indicates a good fill time result. Slow filling of the part is indicated by 
narrow spaced contours and rapid filling is indicated by widely spaced contours [42].  
The flow rate result indicates the quantity and rate of flow of the polymer through the 
runner system into the mould cavity and is used to optimise the runner system. The 
product of average velocity of the flow front and the cross-sectional area of the runner 
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system gives the flow rate. Flow rate v time plots help us to determine the amount of 
material that is delivered by a runner. If it is found that the runners deliver insufficient 
amount of polymer, these will need to be resized [42]. 
The frozen layer fraction result shows the thickness of the frozen layer as a fraction of 
the part thickness. The range of this result is from 0 to 1. Higher the value, the thicker is 
the frozen layer. This result helps in identifying ‘areas of hesitation’ in the part, because 
the flow layer becomes very thin in the areas where there is hesitation because in those 
areas, the thickness of the frozen layer is higher. It also helps in identifying hot spots 
and areas of the part which takes longer to cool [42]. 
A pressure result from a fill analysis shows the pressure distribution through the flow 
path inside the mould. Pressure is zero at the start of fill and when a melt front reaches 
a location, the pressure at that specific location starts to increase. Thin walled parts and 
parts with longer flow length require higher pressure to be filled. It is recommended that 
the pressure required to fill the part, (including cavities and the feed system), should not 
exceed 100 MPa. At the end of a fill, at the extremities of the part, the pressure should 
drop to zero. Pressure at any specific location on a part geometry can be measured, 
which can be used to compare with the actual in cavity pressure values obtained. The 
pressure at V/P switchover shows the pressure distribution through the flow path, inside 
the mould at the switchover point from velocity to pressure control, (filling to packing 
switch over) [42]. 
The temperature at the flow front result gives the temperature of the polymer melt when 
the flow front reaches a specified point in the centre of the part cross section. It should 
not drop more than 2°C to 5°C during the filling phase. A higher variation indicates that 
the injection time is too low or the part contains sections where hesitation occurs [42].  
The shear rate results in a velocity gradient, through the cross section of the part inside 
the mould cavity. It gives a measure of the rate at which the layers of polymer melt 
elements slide past each other. If the rate of shear is very high, polymer chains break 
and cause degradation. The bulk shear rate obtained using the analysis should not 
exceed the maximum recommended shear rate of the material. Feed systems 
encounter high shear rates. Increasing the cross sectional area or decreasing the flow 
rate reduces the shear rate [42].  
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2.5.4 FILLING PATTERN AND FLOW 
Filling pattern is an important factor which determines the quality of the part. In Moldflow 
analysis the filling pattern is represented as either contour lines or as a shaded image 
(see Figure 2.15 and Figure 2.16). Flow changing direction during filling causes 
multidirectional flow which in turn results in orientation in different directions leads to 
flow marks, stress or warpage. Changes in flow direction can cause over-packing or 
under flow and sometimes both. Instabilities arising from combination of heat transfer 
and fluid flow causes unstable flow. Mould temperature has a significant effect on the 
flow. Changing mould temperature causes a change in the flow. Ideal flow is the one in 
which the melt flows in a straight path across the mould, producing a uniform orientation 
[38]. 
 
 
Figure 2.15: Filling pattern obtained by MPI, as contour lines 
 
The product of flow front velocity and flow front area gives volumetric flow rate. 
Flow front velocity (FFV) = Volumetric injection flow rate / Flow front area (FFA). 
Ideally the flow front should reach every extremities of a moulding at the same time, 
with constant flow front velocity. 
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Figure 2.16: Filling pattern obtained by MPI, as shaded image 
 
However, for complex shapes, even a constant ram speed/injection screw speed does 
not ensure a constant flow front velocity. Variable FFV causes changes in the molecular 
orientation. In Moldflow, the flow analysis produces many isochrones and the space 
between adjacent contours indicates the flow front velocity [38]. 
2.5.5 SEQUENCE OF ANALYSIS 
The sequence of steps in the Moldflow analysis is as follows: 
 Part filling optimisation 
 Moulding conditions 
 Runner design 
 Cooling optimisation 
 Packing optimisation 
 Warpage optimisation 
 
Part filling optimisation is based on three important steps, namely determining the 
number of gates, optimising the gate position for balanced filling and unidirectional flow 
pattern. Using a single gate is recommended where-ever possible. The number of gates 
required depends on the pressure requirements to fill the part. As a rule of thumb, the 
total pressure drop in the cavity and the runner system should not be more than 75% of 
the total of the machine pressure capacity. Gate position should be chosen to give a 
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balanced flow avoiding under-flow or over-packing effects. Flow leaders and deflectors 
can be used to balance the flow in situations where changing the gate position does not 
help. Moulding conditions such as mould temperature, melt temperature and injection 
time influence the pressure. Moulding window analysis provides information on whether 
the position and number of gates used are suitable for the particular moulding. The aim 
is to have a large moulding window to accommodate variations in the moulding 
conditions without compromising on the part quality. Polymer melt while flowing through 
the runner system is subjected to higher shear and thus higher shear rate is generated. 
For this reason the temperature of the melt in the sprue must be lower than that in the 
gates. The runner volume must be kept to a minimum possible value and the filling rate 
in the runners and part should be tried to be kept the same. Runners should be sized 
wherever necessary, based on part thickness and should be balanced. For properly 
sized and balanced runners, the temperature of the melt entering the part should be 2 – 
3o C of the optimum melt obtained for the part from the analysis. Cooling analysis aids in 
constructing a best suitable design for the cooling system. To minimise warpage, equal 
amounts of heat transfer on both sides of the moulding cross section should be 
maintained. Packing optimisation follows the cooling optimisation and it helps in 
determining the volumetric shrinkage in the part. The final step is the warpage 
optimisation. It gives an indication whether the product, tool and process have been 
optimised [38]. 
There should be a uniform pressure gradient while filling a part and there should be no 
pressure spikes or pressure shoot up during any stage of the process. Pressure spikes 
can be caused by balancing problems and hence the use of injection velocity profile can 
minimise the pressure spikes. The shear stress subjected on the material should be 
about 1% of the tensile strength of the material. The shear stress is influenced by wall 
thickness, flow rate and melt temperature. Increase in the wall thickness and melt 
temperature reduces shear stress and a reduction in flow rate reduces shear stress. 
The maximum shear stress is at the interface between the skin and the molten layer. If 
there is too much variation in wall thickness of a part compared to the nominal wall 
thickness, the flow front slows down causing hesitation because the flow front freezes 
even before the part is completely filled. Hesitation can be reduced by either increasing 
the injection rate or have the gate as far as possible from the thin areas [38]. 
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2.5.6 MESHES USED IN MOLDFLOW 
In Moldflow, the analysis of the part is carried out by dividing the geometry of the part, 
also called a domain, into a number of smaller elements. The three element types are 
used in Moldflow are beam, triangle and tetrahedron. Elements having only two nodes 
are called beam and are usually used to describe feed system and the cooling 
channels. Triangular elements three nodes and used to describe the part. Tetrahedron 
elements have four nodes and they can be used to describe parts, core, and feed 
system. 
There are three different meshes types in Moldflow which makes use of a combination 
of the various elements to perform an analysis. The mesh types are: 
I. Mid plane mesh 
II. Dual domain mesh 
III. 3D mesh 
2.5.6.1 MID PLANE MESH 
A mid-plane mesh is defined on the centreline or mid plane of the part and the part is 
defined by triangular elements. Historically, a part was meshed by determining the 
thickness of the part and then assigning a surface plane through the middle of the 
thickness. This surface was then meshed with triangular elements that are joined along 
their edges and corners (called nodes). At each node, the thickness of the part at that 
point is recorded. The analysis then incorporates this measurement by dividing the 
thickness of the part into thin layers called laminae. This provides a defined part volume 
on which calculations can be performed [38]. 
 
Figure 2.17: A mid plane mesh used in Moldflow (courtesy Moldflow) 
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2.5.6.2 FUSION/DUAL DOMAIN MESH 
A fusion mesh, also called dual domain mesh (see Figure 2.18) is one which is defined 
on the surface of the part cross section and the analysis method of a fusion mesh is 
called dual domain. A Dual Domain mesh represents a solid CAD model by covering the 
surface of the model with triangular elements. The corners of the triangular elements 
are called nodes. The model could be visualised as a hollow body covered with a 
surface shell. When analysing a part, the volume of the model is represented by layers 
through the thickness of the part, (typically 10 or more layers through the thickness). 
Elements on the opposite faces of the part must be matching so the layers can be built. 
These matched elements ensure the alignment of the layers through the thickness. 
These layers enable an accurate representation of thin cross-sectioned parts in which 
rapid changes in flow front temperature and flow front velocity may occur. 
 
Figure 2.18: A Dual domain mesh used in Moldflow (courtesy Moldoflow) 
 
 SOLVER ASSUMPTIONS FOR MIDPLANE AND FUSION MESHES 
 
 Flow is considered to be laminar and the liquid is assumed to be a Newtonian 
 Effects due to inertia and gravity are ignored 
 Thermal convection in the thickness direction and heat loss from the edges of 
triangular elements are ignored. 
Apart from the solver assumptions, there are element specific assumptions which are 
made in Moldflow. 1D elements, also known as beams, generally simulate circular tube 
flow of a Newtonian fluid. Beams have assigned cross sectional shape and size. For 
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non-circular cross sections, an equivalent circular tube with the same hydraulic diameter 
but with scaled down volumetric flow rate, represents the flow. Beams do not account 
for shear induced effects. A 3D part is simulated by a midplane mesh using a two 
dimensional plane of triangles at the centre of the part thickness. The triangle elements 
used in this type of mesh are referred to as 2.5 D or shell elements. A minimum width to 
thickness ratio of 4:1 is needed to model a cross section using this element type to 
avoid errors in the results. Triangle elements used in fusion mesh is formed on the outer 
surface of the part. These types of meshes are also called modified 2.5D mesh. The 
matching of the elements on the opposite side is an important factor in determining the 
mesh quality and the distance between the opposite elements defines the part 
thickness. Match percentage of elements should not be less than 85% [38]. 
2.5.6.3 3D MESH 
When several rows of tetrahedral elements are used to define the cross section of the 
part, the mesh is called a 3D mesh. A 3D mesh represents the CAD model by filling the 
volume of the model with four-node, tetrahedral elements (tetra). 3D meshes work well 
for parts that are thick or solid, because tetras give a true 3D representation of the 
model. A 3D analysis does not make the assumptions that are made for Midplane or 
Dual Domain analyses. Therefore, 3D analyses often require additional computational 
time to complete. This makes a 3D mesh more appropriate for thick models with 
complicated shapes, while midplane and dual domain meshes are more applicable for 
thin-walled, shell-like parts.  
 
Figure 2.19: A 3D mesh used in Moldflow (courtesy Moldflow) 
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2.5.7 ULTRA THIN WALLED INJECTION MOULDING 
SIMULATION 
 
A study conducted by Chen et al, [31] suggests that one of the drawbacks in trying to 
simulate thin walled mouldings, is the fact that the material property data given by the 
suppliers are measured in equilibrium or close to equilibrium conditions, whereas in the 
actual moulding process the polymer melt is subjected to non-equilibrium conditions. 
The other fact to be taken into consideration is that, the pressure dependent effect on 
viscosity is more noticed in thin walled moulding compared to normal mouldings. 
Generally it is noted that the difference in the peak pressure values between these 
obtained by simulation and these obtained by real moulding conditions, becomes higher 
as the part becomes thinner. The difference in values between the simulation and actual 
process can also be attributed to the fact that the simulation software calculations are 
based on viscous fluid models but in reality the polymer melt is viscoelastic [31]. 
 
2.6 DESIGN OF EXPERIMENTS (DoE) APPROACH TO 
RESEARCH 
 
Design of Experiments (DoE) is the process of conducting a planned set of experiments 
by combining several process variables in one study rather than studying each process 
variable separately. By this approach one can reduce the amount of testing required in 
order to understand a process. The three primary objectives for applying DoE to a 
process are: 
i. Screening 
ii. Optimisation  
iii. Robustness testing 
 
Screening helps to identify the factors which are most influential in a process and also 
gives an indication of the best operation range for these factors, in a particular process. 
Optimisation helps in identifying the combination of factors which will result in optimal 
process conditions. Effects of small changes in these factors on the sensitivity of a 
production procedure is obtained from robustness testing. The inputs in a DoE are the 
process variables, also called independent variables. The result of an experiment is the 
output, also called response variables or dependent variables 
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Equation 2.17 is the general form of a predicted equation from a DoE with 5 input 
factors 
Y represents the output, Xi (1 < i < 5) represent the 5 input factors and the β terms are 
the coefficients that indicate how the process variables affect the output [43 - 46]. 
In injection moulding, part quality is of utmost importance. Parameters such as injection 
velocity, melt and mould temperature, packing pressure and time all have an influence 
on the part quality. The interactions between these factors also affect part quality. It is a 
very tedious and time consuming task to analyse and understand the effect of all these 
parameters and interactions on the injection moulding process. Even with the help of 
simulation, it can be a demanding task. Design of Experiments (DoE) methodology 
provides a quicker way to understand which parameters influence the process to what 
extent. The Taguchi approach is one of the most commonly used models, in a DoE. 
However, the drawback with this model when applied to injection moulding is that, it 
cannot analyse accurately the effect of mutual interactions between the factors, on the 
injection moulding process. A central composite design or factorial design is more 
suitable in order to understand the effect of factor interaction on the injection moulding 
process [45 - 49]. 
In experiments involving a lot of variables, a fractional factorial or full factorial 
experiment can be used.  Apart from the effect of individual factors on the process, the 
full factor design also considers accurately all the interaction and its effects on the 
process. However, in order to test all the different combinations, the number of 
experiments to be carried out would be very high. The number of experiments needed 
for a full factorial design is indicated by equation number 2.18 
௘ܰ ൌ ݉	ሺ݊௟ሻ௞           [2.18] 
 
 
Where 
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௘ܰ = Number of experiments 
m = number of replicates 
݊௟ = experiment level 
k = number of factors  
As the possibility of interactions higher than two way interaction and rare, and since 
their effect are minimal, they can be discarded, especially in experiments with many 
input variables. Experiments having more than 5 factors or variables can be analysed 
using a fractional composite design. In this design, individual effect by factors and two 
way interactions are considered. The number of experiments in a half fraction factorial 
design is indicated by equation 2.19 
௘ܰ௙௥௔ ൌ ݉	ሺ݊௟ሻ௞ି௤          [2.19] 
where ௘ܰ௙௥௔ = Number of experiments 
m = number of replicates 
݊௟ = experiment level  
k = number of factors  
q = fractionation degree 
Higher the value of q, lower will be the number of experiments required [47] [49]. 
2.7 POLYPROPYLENE 
Propylene monomers are prepared by the cracking of petroleum products like natural 
gas. Propylene which is formed as a by-product of cracking must be made free from 
impurities such as water and methylacetylene. This is charged into a polymerisation 
vessel under pressure while the catalyst and the reaction diluents are metered in 
separately. Typically the reaction is carried out for 4 hours approximately at a 
temperature of 600C. The unreacted monomer is recycled and the remaining material is 
treated with methanol containing a trace of hydrochloric acid to decompose the catalyst. 
The polymer obtained is washed and dried at about 800C. Then the polymer is run 
through a devolatilising extruder where it can also be blended with antioxidants and 
other additives, then extruded and pelletised [14]. 
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Figure 2.20: Propylene and ethylene monomers 
 
Figure 2.21: Isotactic polypropylene 
 
Figure 2.22: PP random copolymer 
 
Figure 2.23: PP block copolymer 
P = propylene . E = ethylene 
Commercially polypropylene is available in a number of forms: homopolymer, random, 
alternating, block and graft co polymers. Homopolymer is produced by polymerising the 
propylene monomer, whereas for the copolymer proportions of a secondary monomer 
like ethylene or butane are introduced in reaction mass. When two different repeat units 
in a copolymer are distributed at random throughout, the polymer is called as random 
copolymer. If the two different repeating units are distributed alternately throughout the 
polymer chain, by more controlled copolymerisation, this is called an alternating 
copolymer. When a block of one repeat unit is followed by a block of another repeat unit 
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and if the pattern continues, then it is called a block copolymer. If there is branching in 
the main chain, where the main chain is made entirely of one repeat unit, and the 
branching are made of a different repeating unit, it is called graft copolymer [14]. 
Polypropylene has been used steadily with sales increasing to 45 million tons/annum in 
2007. Polypropylene is used in a wide range of applications because of its outstanding 
cost/benefit balance. The world’s biggest manufacture of polypropylene resin is 
LyondellBasell [3,12]. 
Polypropylene has normally high strength in the direction of orientation and for this 
reason it is used in the manufacture of moulded in one piece hinges. Generally 
polypropylene hinge design has a recess at the top of the hinge web to prevent cracking 
and an arc below which allows for flexing and helps in orienting the molecules. 
Immediately, after the moulding is ejected, the hinges are flexed when the part 
temperature is still high, to induce orientation of the molecules perpendicular to the 
hinge [3,12].  
2.7.1 POLYPROPYLENE CRYSTALLINITY AND 
POLYMORPHISM 
 
Polypropylene exists in syndiotatctic, atactic, mesomorphic and isotactic forms. In 
atactic form, the methyl groups are present on both sides of the main chain in a random 
order. In syndiotactic arrangement, shown in Figure 2.24, the methyl groups are 
arranged alternately to the top and bottom of the main chain. In isotactic form shown in 
Figure 2.21, the methyl side groups are arranged on one side of the polymer main 
chain. There is an increased flexibility observed in syndiotactic polypropylene compared 
to the isotactic form. Isotactic polypropylene exists in α, β and γ forms. The α form of 
polypropylene is a monoclinic structure and is obtained under normal processing 
conditions. In the α form the lamella arrange themselves both radially and tangentially 
giving rise to negative and positive birefringence respectively. Compared to the α form, 
the β structure is trigonal, more disordered and has a hexagonal cell structure. These 
exhibit lower elastic moduli and yield strength. The β form can be converted into the α 
form by heating. The γ form is not normally produced under normal processing 
conditions, however, at elevated pressures > 200 MPa and in the presence of a 
metallocene catalyst, the γ formation becomes dominant. Only the α and β form have 
application relevance [3]. 
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Figure 2.24: Syndiotactic form of polypropylene 
 
2.7.2 MONOCLINIC LATTICE OF THE α FORM 
The α form consists of monoclinic unit cell structure with helical conformation of the PP 
chain. The α form has a crystallographic density of 946 kg m-3, each cell has 12 
repeating units. The α form can further be divided into α 1 and α 2. α 1 crystallises at 
higher rates of cooling whereas α2  crystallises at lower rates of cooling or high 
temperature annealing. When analysed under a polarising microscope, the iPP shows 
four different spherulitic structures (I, II, III and IV). I and II types are found in different 
range of temperature exhibiting different birefringence values. III and IV are not 
common and exhibit negative birefringence values. The α form exhibits lamellar 
branching which is characterised by a constant angle between the direction tangential 
and direction radial to the spherulites. With an increase in crystallisation temperature Tc, 
there is a change of birefringence value from positive to negative. α form has a melting 
range of 185oC to 209oC [1]. 
2.7.3 HEXAGONAL LATTICE OF THE β FORM 
The β form exists as a hexagonal lattice with the chains packed parallel to each other. 
The β form has a crystallographic density of 921 kg m-3. Thermodynamically β form is 
less stable than the α form under normal crystallisation conditions, therefore this type of 
crystal unit geometry is less common. Often it co-exists with other crystal structures. 
However, pure β form can be prepared by rapid quenching, crystallisation in a 
temperature gradient and by using selective nucleating agents. Industrially the use of 
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selective nucleating agents is the most reliable method to produce β PP. For instance, γ 
quinacridone red pigment has been found to be an effective nucleating agent for the β 
structure. When viewed under cross polars, the β form gives a negative birefringence 
value. The β form can be of two types based on the observations of an anisotropic 
sample under cross polars. The melting range of β form is between 170o – 200oC. The 
beta form has lower thermodynamical stability and melts at about 12–15°C lower than 
that of the α crystal form. β form has a lower density compared to the α form and when 
there is a transformation from β from to α form, tiny micro-voids are developed, in the 
part to compensate for the volume contraction that must occur when a less dense 
crystal is converted into a more dense crystal. These micro-voids can lead to cost 
savings from an aesthetic point of view, since the micro-voids scatter light, the part will 
have a white or opaque appearance even without the application of a white pigment. 
The β form is more ductile than the α form and as a result the impact strength of the β 
form increases significantly with almost no change in flexural modulus [1] [50]. 
2.7.4 TRICLINICAL LATTICE OF γ FORM 
The γ form exists as a tri-clinical unit cell with a crystallographic density of 954 kg m-3. 
The γ form is rarely observed under typical processing conditions. In majority of the 
instances the α form co-exists with γ form, and the α form nucleates onto the γ crystals. 
The thermodynamic properties of the γ form are not well established [1]. 
Nucleating agents increase crystallisation rate by increasing the sites for initiating 
crystallisation and by increasing crystallisation temperature and rates. Nucleation also 
helps to reduce the cycle time, as the crystallinity is achieved at a higher temperature 
and so the parts can be ejected at relatively higher temperatures. Nucleated 
polypropylene produces more spherulites of smaller size as compared to non-nucleated 
polypropylene. Smaller spherulitic size reduces light scattering and hence improves 
optical clarity. Salts of organic phosphates, carboxylic acid salts and benzyl sorbitols are 
commonly used as nucleating agents in polypropylene. Homogeneous nucleus 
dimensions in polypropylene are in the range of 102 nm3 compared to the polymer chain 
volume which is in the range of 102 - 104 nm3 [3]. 
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2.7.5 INJECTION MOULDING OF α AND β POLYPROPYLENE  
Isotactic PP is one of the most widely used polymers due to various advantages such 
as good processability, good mechanical properties and reasonable price to 
performance ratio. The effects of mould temperature and holding pressure on the 
morphology of injection moulded α iPP, and βiPP mouldings were studied by Roman et 
al, [51] where samples were analysed using polarised light microscopy and wide angle 
X-ray scattering methods. There can be distinct regions produced along the thickness of 
the injection moulded components which are affected by varying process conditions. 
Examination of the samples along their thicknesses revealed that the mouldings 
consisted of an outer skin layer and an inner core consisting of spherulites. In the case 
of α iPP as the mould temperature increased, the thickness of the skin layer reduced. 
The skin consists of highly oriented molecules which try to relax before freezing. If the 
mould temperature is higher, the time taken for the skin to freeze is also longer, which 
means that the molecules have longer time to relax, hence the thickness of the skin 
formed is also reduced. Also, the size of the spherulites increased from the skin to the 
core, when samples were moulded at a higher mould temperature. However, at lower 
mould temperatures the size of the spherulites closer to the skin is smaller compared to 
those in the core. This is due to the temperature gradient between the mould and the 
melt. The gradient is higher at lower mould temperature. So at a lower mould 
temperature, the layer closer to the skin cools faster, but the core layer has more time to 
cool, hence also allowing more time for spherulites to grow in size. In the case of β iPP, 
a similar non-spherulitic skin and a spherulitic core are observed. However the size of 
the spherulites is constant throughout the thickness, not greatly affected by varying 
mould temperatures. The reason for this difference in behaviour in the β form compared 
to the α form is due to the fact that there is a difference in nucleation mechanism in α 
and β form. The α form undergoes partial homogeneous nucleation mechanism 
whereas the β form undergoes heterogeneous nucleation, because of the addition of 
specific nucleating agents. This causes the spherulites in the β form to be insensitive to 
mould temperature changes [51]. 
The effect of mould temperature and holding pressure on the crystallinity of the 
moulding was studied using a wide angle X-ray scattering technique. It was found [51] 
that the mould temperature variation had more effect on the crystallinity of the skin layer 
compared to the core, in the case of both α and β forms. This is due to the fact that the 
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skin is almost at the same temperature as the mould, whereas the core is at a higher 
temperature compared to the skin. It was also observed that the crystillinity (%) in the β 
form was higher than that of the α form. This is due to the addition of specific nucleating 
agents to β iPP. The reason for adding specific nucleating agents is to increase the 
crystillinity and produce structural improvements. The holding pressure in the range of 3 
to15 MPa, had no effect on the morphology of the mouldings [51]. 
Many studies [52] have shown that across the thickness of the moulded polypropylene 
components, three distinct layers are found. The crystalline structure which results 
during processing has an effect on the mechanical properties of the mouldings. Wright 
et al [52] studied the effect of crystallinity on the morphology, tensile and impact 
strength and dynamic properties of injection moulded polypropylene. The amount of 
crystallinity in a moulding was varied by changing the mould temperature. DSC and X-
ray diffraction were used to study the crystallinity (%) in the mouldings and showed that 
an increase in mould temperature caused a slight increase in crystallinity. However, the 
mould temperature had a greater effect on the morphology of the mouldings. The size of 
the spherulites increased while the skin layer thickness reduced with increasing mould 
temperature. An increase in the mould tool temperature while processing polypropylene 
at a melt temperature significantly higher than the Tm of polypropylene, will cause a 
decrease in nucleation density and an increase in the spherulitic size. The tensile 
modulus and strength of PP increase slightly with increasing crystallinty [52]. 
2.7.6 COMMERCIAL FORMS OF POLYPROPYLENE 
Polypropylene is commercially available as a homopolymer, random copolymer, impact 
co polymer, random block copolymer and thermoplastic vulcanisates. Homopolymer 
finds its application mainly in extrusion as fibres and filaments for fabrics for automobile 
interiors, bags, strapping tape, electrical applications, shrink films, and retortable 
pouches. Random copolymers have lower levels of crystallinity and hence lower melting 
points and densities. Copolymers also reduce the stiffness and hardness and increases 
softness and flexibility of the resulting polymer. Random copolymers are used in making 
parts with high clarity, high impact strength at low temperatures and moisture barrier. 
Random copolymers have lower melting temperatures than the homopolymer because 
of the presence of a second monomer, typically ethylene. Degree and distribution of the 
ethylene content determines the degree of reduction in melting point. On slow cooling, 
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the random copolymer crystallises into α and γ crystal forms. The random copolymer 
propylene finds application mainly in the packaging industry in films and containers 
requiring clarity, flexibility and mechanical strength. As the ethylene content reduces the 
melting temperature of the polypropylene in the random copolymer, films with lower 
heat sealing initiation temperatures can be produced.  
Impact copolymers contain a rubber blend or graft copolymer such as ethylene 
propylene diene monomer (EPDM) or ethylene propylene (EP) rubber. Thermoplastic 
elastomers are a blend of two systems, with polypropylene as the crystalline matrix and 
a rubber such as EPDM forming the elastomeric phase. These are mainly used in the 
automobile industry. In thermoplastic vulcanisates, the rubber phase present is 
crosslinked. These are mainly used in the medical industry.  
A type of homopolymer polypropylene produced using metallocene catalysts and, 
commercially called metallocene polypropylene, has increased puncture resistance, 
impact strength, stiffness, heat resistance and optical properties. The improved clarity 
makes metallocene PP a good material of choice to be used in the thin walled 
packaging applications. Metallocene polypropylene was first commercialised by Exxon 
Mobil Co in 1995 and has lower melting point compared to the conventional 
polypropylene. This decrease in melt temperature can be an advantage for processing 
and can provide easier lamination with lower melting substrate [1, 3, 53]. 
2.8 EFFECT OF PIGMENT MASTERBATCH ON THE 
PROPERTIES OF POLYPROPYLENE 
 
Polymers can be coloured using either pigments or dyes. According to a recent report 
by Global Industry Analysts Inc [54] by 2015, an estimated 39,100 tonnes of pigments 
will be used in the plastic industry globally. The world masterbatch market is estimated 
to be worth $ 8.25 billion by the year 2017 [54].The reason for adding the colourants to 
plastics can be aesthetic or functional, or both. One of the main differences between a 
dye and a pigment is that the pigment is insoluble in the polymer whereas a dye is 
soluble in the polymer. Pigments are incorporated into the polymer melt and the 
pigment particles are retained physically in the polymer matrix when the polymer 
solidifies. Dyes on the other hand are dissolved in the polymer and there is an affinity 
between the individual dye molecules and the polymer molecules, which retains them in 
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the system. Generally pigments are used in colouring of plastics as they provide 
superior fastness and migration resistance compared to dyes. The colourants used for 
the polymers should possess good dispersion, optical and fastness properties, thermal 
stability, light fastness and migration resistance However, when used in polyolefins, 
pigments may cause warping or shrinkage issues due to uncontrolled nucleation. Based 
on their chemical composition and structure pigments can be classified into two 
catogeries, organic and inorganic. An inorganic pigment contains an oxide, salt or 
complexes of metals in various states of oxidation having a simple molecular structure. 
Metals like chromium, nickel, antimony, titanium, manganese, cobalt, iron, copper, zinc 
are used in metal oxide pigments. Ease of processing and dispersion, low cost, high 
temperature and light stability and the capability to produce bright colours are the main 
advantages of inorganic pigments. The dis-advantage of inorganic pigments is the fact 
that they can be toxic when used to produce bright colours, i.e. lead cadmium etc. 
Organic pigments on the other hand are non-metallic, carbon based compounds having 
complex molecular structure. They are more expensive and more difficult to process 
and disperse compared to inorganic pigments. However, they are non-toxic and meet a 
much wider colour requirement [55, 56]. 
 A very good dispersion of the pigment in the carrier polymer and a uniform distribution 
of the masterbatch in the polymer it is being let down onto, ensure that the colouring 
system provides good colour strength. The smaller the particle size of the pigments, the 
more dense the colour achieved in the polymer matrix. When pigment particles stick to 
each other they form agglomerates. Richard et al [55] reported that it is easier to break 
agglomerates whereas aggressive grinding was necessary to break up aggregates. The 
main difference between aggregates and agglomerates is the fact that, in aggregate 
primary particles are joined at their faces whereas in agglomerates, the primary 
particles are joined only at their edges. According to an article published in the Journal 
of Applied Plastics [57], a pigment contains a mixture of particle with sizes ranging from 
sub-micron aggregates to agglomerates up to 50 microns. A pigment which breaks 
down into basic particle size in a quick interval of time is considered to be of good 
texture. Even the above article mentions that considerable work force needs to be 
applied in order to break the pigment aggregates and achieve better dispersion. 
Generally higher shearing of the polymer and pigments causes higher degree of 
dispersion of the pigment particles in the polymer. It is difficult to achieve good 
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dispersion of pigments in polyolefins with high MFR’s. At normal processing 
temperatures, these polymers flow very easily and hence they are subjected to only low 
shear during processing/compounding, and as a result the mechanical force applied on 
the pigment is less. On the other hand, polymers with lower MFR values will have 
higher viscosities and have to be subjected to higher shear while 
processing/compounding, and this helps to disperse the pigments better. Dispersion is 
the process of separating individual pigment particles from sticking to each other by 
coating the pigment particles with a wetting agent. The wetting agent is usually the 
carrier polymer of the pigment. Separating pigment particles adhering to each other 
provides more colour sites within the system. In-organic pigments have smaller surface 
area compared to organic pigments, and hence require smaller amounts of wetting 
agent.  
Ideally for uniform distribution of the colourant in the polymer being coloured, during 
processing, the carrier polymer of the pigment should melt at a temperature lower than 
that of the polymer into which the masterbatch is being letdown into [55]. A pigment 
dissolves in the polymer during processing and while cooling crystallises forming super 
saturated solution. In some cases pigment molecules exude to the surface of the plastic 
part and the phenomenon is called chalking. Improved wetting can help reduce 
chalking. It was reported [57] that pigments that chalk in plasticised PVC tend to do so 
in polyolefins as well. Chalking is accelerated in polyolefins by sunlight. Cramez et al 
[58] studied the effect of masterbatch carrier polyethylene and polybutylene on the 
pigment dispersion and mechanical properties of coloured polyolefins and found that 
method of processing the polymer part affects dispersion. It was noted that injection 
moulding helped in improving dispersion by breaking the pigment particles into smaller 
size agglomerates. They also reported that poor dispersion of the pigment can cause 
processing problems and affect mechanical properties of the processed part. It was 
reported that, compared to polyethylene carrier, polybutylene carrier was more effective 
in providing a better dispersion of the pigment when colouring PP homopolymer. There 
was also an improvement in impact strength. The mechanical properties of the PP 
copolymer were affected to the same by polyethylene and polybutylene carriers [58]. A 
colourant can be incorporated into polypropylene either just before processing by the 
converter or at an earlier stage, during the synthesis of the polymer by the raw material 
producer. The advantage of incorporating the colourant into the polymer by the raw 
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material producer tends to provide better mixing and distribution of the pigment in the 
polymer as compared to what is achieved by the converter. However, colourants are 
added to the reactants during polymerisation only when there is a high volume 
requirement for the particular polymer being produced [59 - 63].  
Interference, opaque, pearlescent, fluorescent, phosphorescent, metallic effects can be 
achieved in polymer products using pigments. The two-tone or interference effect in 
polymers is achieved by first incorporating a masterbatch which provides the base 
colour and incorporating mineral coated mica. Depending on the angle from which the 
part is being viewed, there is a change in the amount of light reflected by the mica 
particles. The part appears to change colour because of this phenomenon. Thin, 
platelets of metal oxide coated mica having high refractive index is used in pearlescent 
pigments. The thickness of the metallic oxide coating determines wavelength of light 
which is absorbed or reflected. The colour of the platelets is dependent on the viewing 
angle, thus giving rise to a pearlescent effect. Fluorescent polymers produce a bright 
glow when viewed in the presence of a light source. Materials which absorb light in the 
visible and UV range and re-emit them at different wavelengths are used in making 
pigments, which cause fluorescence effect. Phosphorescent polymers (glow in the dark 
polymers) produce a bright glow in the presence of a light source and continue to emit 
the glow even in the dark. Phosphorescent pigments make use of materials which are 
capable of absorbing light energy at one wavelength and then re-emitting them in small 
quantities at a lower wavelength. The energy release is delayed and takes places over 
a longer duration of time, causing the ‘glow-in-the-dark’ effect [55]. 
Senol et al [62] studied the effect of melt processing parameters and influence of 
masterbatch on the mechanical properties of a propylene random copolymer. The type 
of masterbatch used and the method used to incorporate it, can influence the 
mechanical properties of the polymer. Organic pigments can give good colour strength, 
brightness and transparency, however, they yield less stable and lower mechanical 
properties compared to inorganic pigments. It has been observed that white, green, blue 
and black masterbatches caused a decrease in the yield stress up to a loading of 0.5% 
by weight, while above 0.5% loading there is an increase in the yield stress. The 
decrease is caused by the high MFI value, i.e. low melt viscosity of the masterbatch, 
while above the critical loading the reinforcing and nucleating effects of the pigments 
dominate and hence produce an increase in the yield stress. The common percentage 
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of masterbatch loading used in the industry is between 1% and 4%. As the masterbatch 
content increases, the yield strain decreases because the pigment influences the 
structure and crystallinity of polypropylene. The crystallinity decreases with increase in 
the masterbatch content [62, 63]. 
A knowledge of the temperatures encountered during processing of the polymer, the 
chemical and UV resistance requirement of the processed part, the application of the 
processed part, all play an important role in choosing the appropriate type of 
masterbatch to be used. A recent development in plastic colouring has been the use of 
special effect high gloss metallic masterbatches for polypropylene, especially in the 
automotive industry. Grafe Advanced Polymers GmBH, (Blankenhain, Germany) [53] 
has developed a special effect masterbatch which is incorporated onto the surface of a 
polypropylene film as the film is extruded. The film in turn is applied onto the moulding 
during injection moulding. This lamination technique produces a colouring effect in 
moulded parts in the form of an injection moulded PP composite. The PP film is 
produced first and then the PP substrate is back moulded onto it. The process is called 
‘thin film back moulding’. The accumulation of the metallic pigments on the film during 
extrusion is controlled by a complex masterbatch formulation. To ensure colour 
brilliance and metallic effect, extrusion should be carried out at slow speed. The 
thickness of the film is less than 400 µm. The film and the substrate are both made up 
of PP and this ensures optimal bonding during the injection moulding process and 
additionally it produces special benefit with regards to warpage of the moulding. This 
also does not produce any knit lines or flow lines.  
Other advantages include cost saving, ‘feel’, and environmental compatibility. As there 
is no bonding agent required to create an adhesion between the film and the moulding, 
there are no additional costs involved. Since the film and the substrate are both made of 
PP, closed loop recycling of the products is possible, i.e. the materials can be fed back 
into the production cycle. The streak free colour effect and high quality aesthetics 
makes it possible to incorporate a metallic effect onto low cost materials at lower 
application costs [55, 64]. 
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2.8.1 EFFECT OF PIGMENTS ON CRYSTALLISATION AND 
MOULD SHRINKAGE OF POLYOLEFINS 
 
A study conducted by Suzuki et al [65] to obtain a correlation between nucleation effects 
due to pigments and mould shrinkage on clolured polypropylene components indicated 
that, organic pigments serve as nucleating agents in coloured polyolefins, giving rise to 
small spherulites which are less than 1µ in diameter, and thereby causing more 
shrinkage. The following properties were measured: Mould shrinkage in both machine 
direction and transverse direction, rate of crystallisation, and onset temperature of 
crystallisation. A variety of coloured pigments including yellow (isoindorinone, 
condensed azo, quinophthalone cadmium yellow), red (quinacridone, condensed azo), 
green (cyanine green), blue (cyanine blue), white (titanium dioxide) and black (carbon 
black), were used with the melt temperature of PP being 2200C. Most of the pigments 
did not cause any shrinkage in the machine direction. However, cyanin green (green), 
condensed azo (red) and cyanine blue (blue) produced 2% shrinkage in the transverse 
direction, as compared to a shrinkage value of 1.6 % for blank un-pigmented 
polypropylene mouldings. It was noted that the shrinkage in transverse direction 
increased with an increase in the onset of crystallisation temperature. The organic 
pigments cause nucleation to occur more frequently obviously creating internal stresses 
in the moulding and while cooling these stresses are relived causing more shrinkage 
[65]. 
Fagelman et al [66] studied the effect of pigments on the mechanical properties and 
crystallisation behaviour of polymer blends. They had reported that phthalocyanine and 
quinarcidone pigments caused nucleation and therefore increased the crystallisation 
temperature of the polymer. Turturro et al [67] have reported in their research that 
copper phthalocyanine pigments causes shrinkage and warpage in polyethylene 
injection moulded products. The pigments cause a difference in crystallisation rate from 
one point to another in a moulding. The rate of crystallisation is faster on the surface 
compared to the core of the moulding. Crystallisation of the polymer moulding is 
influenced by the interaction between the pigment and the polymer. It was concluded in 
their study that organic pigments caused shrinkage and warpage in injection moulded 
polyethylene components, whereas the inorganic pigments did not affect the 
crystalisation process, and hence did not cause part distortion. Organic pigments act as 
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nucleation sites and when there are too many nuclei present on a plane surface, it 
causes a phenomenon called transcrystallisation [66, 67]. 
Silberman et al [68] studied the effect of organic pigments (Isoindolinone - yellow, 
quinacridone - red and phthalocyanine - green) on the crystrallisation and properties of 
isotactic polypropylene. All the pigments caused an increase in crystallinity. The red 
pigment caused more nucleation and hence greater increase in crystallinity compared to 
yellow and green pigments. Structure of Isoindolinone molecules have a symmetrical 
arrangement of halogen atoms causing it to have a low polarity. This low polarity causes 
steric hindrance of PP which assist in crystallisation of PP. On the other hand 
quinacridone molecules are highly polar containing keto and amino groups, causing 
both chemical as well as physical adsorption of PP giving rise to strong nucleation 
effect. The quinacridone cause the formation of β crystals in PP [68, 69]. The 
phthalocyanine green has a symmetrical arrangement of nitrogen which causes 
physical adsorption of PP on the pigment surface which causes the formation of a α 
crystal structure in PP. Van de Velde et al [70] noticed nucleation of PP yarns caused 
by blue pigment. The pigment also accounted for the formation of smaller spherulites in 
the yarn. Marks et al [71] had observed similar effect i.e. increased crystallisation and 
smaller spherulite size caused by copper phthalocyanine pigments in isotactic PP. Pei-
ren [72] found out in his research that copper phthalocyanine pigment increased the 
viscosity of PP whereas some other organic pigments caused a decrease in the 
viscosity of PP. He believed in the theory that addition of finely divided solid particles 
into a polymer caused an increase in viscosity of the polymer. As for the cause of 
reduction in viscosity of PP, Pei-ren stated internal lubrication of the polymer chain was 
caused by decomposition that took place in the presence of the pigment particles. 
2.9 POLYPROPYLENE-REINFORCED COMPOSITES AND 
NANOCOMPOSITES 
 
Polymer nanocomposites(PNCs) are multi-phased polymer systems containing 
inorganic particles in the range of 10-100 Ả or nm in at least in one dimension, 
dispersed in the polymer matrix to dramatically improve the performance of the polymer 
matrix [73, 74]. Iso-dimensional nano-particles have all three dimensions on the nano 
scale order. Nano-tubes and whiskers have two dimensions in the nano-scale range. 
Nano-clays are one to a few nano-metres thick and a hundred to a thousand nano-
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metres wide. Conventional fillers have drawbacks causing an increase in weight, 
brittleness and opacity of the composite obtained [74].The advantage of 
nanocomposites is their high surface to volume ratio, which will increase the relative 
area of interface between the polymer matrix and the filler, meaning there is a potential 
enhancement in mechanical properties even at low filler loading. Initial research work 
conducted by Toyota suggested that Montmorillonite MMT clay system is a very 
successful choice of nano-filler for producing polymer nano-composites (PNC) [75] The 
fact that (MMT) has a potential to exfoliate in the polymer matrix makes it the clay of 
most frequent choice in the manufacture of polymer nano-composites. MMT has a 
layered structure with an interlayer spacing of 1nm. [73, 76].MMT is hydrophilic whereas 
PP is hydrophobic. So in order to improve the compatibility of the clay with PP, MMT is 
generally subject to cation exchange process using ammonium salts to obtain 
organophilic montmorillonite (OMt). Use of organo clays will improve the interaction of 
the clay with polymer. Generally, inorganic MMT is modified with organic surfactant to 
make it compatible with polymers. Since polypropylene has no polar groups in its back 
bone, a compatibliser containing sufficient polarity is used to improve the interaction 
between the clay and polypropylene [73, 76, 77]. 
The nanoclay particles can be introduced into the polymer matrix mainly by melt 
processing or in-situ polymerisation. Melt processing is widely used as it is economical 
and more suitable for compounding. A study conducted by Lee et al [78] indicated that 
high shear stress and sufficient residence time are important factors in achieving a good 
dispersion of the nano-silica in the PP matrix. It was also noted that an increase in the 
maleic anhydride (compatibiliser content) in the PP matrix helped in better dispersion of 
the nanosilica and also reduced the size of silica particles dispersed in the matrix. The 
improvement in mechanical properties in a polymer nano-composite system is 
proportional up to a certain percentage of the nano-particle loading. Increasing the 
percentage loading of the nano-particle above an optimum value causes a reduction in 
the mechanical properties of the polymer nano-composite system. Bhattacharyya et al 
[79] conducted a study in which, the effect of matrix viscosity on the mechanical 
properties of PP nano-composites, were investigated. It was noted that the type of PP 
used had an influence on the mechanical properties of the PPCN. In their study, it was 
found that the PP with high Melt Flow Index value (MFI = 25) i.e. lower viscosity, caused 
better improvement in overall mechanical properties of PPCN, compared to PP with 
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lower MFI values (MFI = 0.6, and MFI = 14). The improvement in the mechanical 
properties, namely tensile modulus, tensile strength at yield, flexural modulus and 
flexural strength, were thought to be as a result of the PP chains, penetrating the clay 
layers and thus separating the distance between the clay layers. Low molecular weight 
PP contains shorter chains which penetrate in between the clay layers more easily, 
compared to longer chains [79]. 
 A study conducted by Bikiaris et al [80], showed that a nano-filler concentration of 2.5 
% caused the maximum improvement in the mechanical properties. Increasing the 
nano-particle content above 2.5% caused a reduction in mechanical properties. This 
was due to the fact that at higher nano-particle loadings, there was agglomeration of 
nano-particles. Nano-particles like MMT have surface hydroxyl groups which causes the 
formation of hydrogen bonding between the nano-particles and as a result causing 
agglomeration of the nano-particles The use of PP containing maleic anhydride (PP-g-
MAH) as a compatibliser, can help in reducing agglomeration. The carboxyl groups of 
maleic anhydride react with the hydroxyl group of the MMT and cause greater 
interaction of the MMT with the polymer matrix, thereby reducing agglomeration of the 
nano-particles [80]. There are three main morphologies of clay particles that can be 
achieved namely, immiscible or microcomposites, intercalated and exfoliated. The basal 
spacing between the layers in MMT is about 9 Å. In the immiscible structure, there is no 
separation of the organo clay platelets and they will produce a wide angle X-ray peak, 
confirming that there is no exfoliation. A shift in the peak indicates intercalation, 
expansion of the spacing between the platelets occurring due to the penetration of 
polymer chains in between the platelets. In the case of exfoliated clay particles, a wide 
angle X-ray peak is not produced as the distance between the platelets is larger than 
that detectable by wide angle X-rays. For good interaction between the polymer and the 
nanoclay particles, the spacing between the clay platelets should be increased. The 
level of exfoliation depends on the polymer-organo clay affinity [73].In PNCs both 
exfoliated and intercalated structures co-exist. However, the outstanding mechanical 
properties of PNCs are achieved from the large aspect ratio of the exfoliated structures 
[76, 80]. 
Rajesh et.al [81] studied the effect of screw rotational speed, back pressure, injection 
velocity and holding pressure, on nanofiller dispersion in masterbatch based PP-clay 
nanocomposites. It was reported that higher shear and longer residence time during 
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injection moulding improved the Young’s modulus and tensile strength of the PPCN’s. 
Increase in injection flow rate/injection velocity was vital in improving the dispersion of 
the nanoclays. An increase in back pressure also showed a similar effect. This point is 
also justified by the fact that PPCN’s moulded at higher flow rates was more viscous, 
due to better dispersion of the clay in the matrix. They also found out that increasing the 
flow rate caused more shear, and as a result reduced the clay tactoid size. This also 
increased the clay particle number density and also the aspect ratio [81]. 
While manufacturing PCNs, the dispersion of the clay layers is hindered mainly because 
the clay layers prefer to get stacked face-to-face, rather than dispersing into mono-
layers. Also the fact that the polymers are hydrophobic and the clays are hydrophilic 
causes further difficulty in dispersion of the clay layers in the polymer matrix. For a 
nano-composite dispersed in polypropylene matrix, PP grafted maelic anhydride 
compatibiliser is typically used, to improve the interaction between the polymer and the 
clay particles, thereby improving exfoliation. The graft polymer will penetrate in between 
the filler layers and when the two layers separate far enough such that the Van der 
Waals force interactions become too low, then the layers separate and the clay particles 
become exfoliated. When the clay platelets are separated by a distance of 5 to 8 nm, 
the Van der Waals forces become zero and this helps the clay platelets to exfoliate. 
Giannelis et al [82] reported that exfoliation of the clays can be improved by mixing the 
polymer and the clay at a temperature above the melt temperature of the polymer. In 
other words melt mixing increases the mobility of the polymer chains thereby improving 
exfoliation of the clay. Aslanzadeh et al [83] reported that melt processing conditions 
affected exfoliation. Exfoliation and dispersion of the clay particles were better when the 
nano-clay particles were incorporated using a twin screw compared to using an internal 
mixer. Shear rates encountered in a twin screw extruder are higher than those 
encountered in an internal mixer, thus improving exfoliation. It was also found that using 
more than 1% of maleic anhydride will cause the clay structure to re-order. The addition 
of compatibiliser also makes the clay particles thinner and thus increases the aspect 
ratio, which in turn improves the performance of the composite [84]. 
The amount of nano filler loading has an effect on the crystallisation behaviour of the 
polymer into which it is incorporated. The higher the amount of nanocomposites loading 
[73], lower is the rate of crystallisation. Also the type of clay has an effect on 
crystallinity. A study was carried out by Paul et al [73] to compare the effect of 
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crystallisation produced by modified and unmodified clay nanocomposites to a maleic 
anhydride grafted polypropylene matrix. The modified clay, i.e. an exfoliated clay, led to 
a reduced rate of crystallisation in the matrix but the unmodified clay developed 
nucleation. A study by Bhatnagar et al, showed that incorporation of MMT in a PP 
matrix increased the tensile modulus and ultimate tensile strength. Addition of nano-
clays caused a reduction in the toughness of the PNCs. Toughness can be calculated 
by calculating the area under the stress strain curve. Since nano-particles reduced the 
maximum strain, it caused a reduction in the toughness [76]. Nano particles also affect 
the Tg of the PP matrix into which it is incorporated. Depending on the interaction 
between the matrix and the nano filler particles, there can be an increase or decrease in 
the Tg. Nano particles are becoming more successful in injection moulding of complex 
shaped mouldings with low wall thickness and high flow path to wall thickness ratio. The 
incorporation of specially tailored nano-particles on a polyamide matrix improves creep 
resistance [73, 85]. 
Nanotechnology is gaining more importance in the packaging industry. Timothy et al 
[86] has published a report about the use of nanotechnology in food packaging 
applications to improve the barrier properties. In different studies conducted by Michael 
[87, 88] on the benefits of nanotechnology in food and food packaging applications, it 
was found out that people preferred the application of nanotechnology in food 
packaging as opposed to the application of nanotechnology in food. PNC’s may also 
help in the down gauging a plastic part without compromising on the mechanical 
properties of the part. Even a minimal reduction in weight of a mass-produced part will 
result in a significant overall cost saving [86]. 
2.10 RECYCLING OF PLASTIC MATERIALS 
According to a survey conducted in 2007, the amount of plastic processed in the 
European Union was around 52.5 million tonnes. 24.6 million tonnes of waste were 
generated of which only 50% was recycled, the rest was disposed of in landfills. One of 
the reason for the amount of plastic recycling being not so high, is the fact that in 
mechanical recycling the dismantling and separation cost of the parts often contribute to 
more than half of the cost of the recycling process. 40 to 90% recovery of the polymer 
from the products is necessary to make the process justifiable, depending on the area 
of application and the polymer being recycled. Nowadays, recovery rates of plastics 
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from automobile and electronic sectors are comparable to the rates of metals recovered 
from these same sectors. Also the losses in metal recovery and plastics recovery are 
almost same. This suggests that plastics recycling is as useful as recycling metals [89]. 
2.10.1 GENERAL RECYCLING OF ALL PLASTICS 
Plastic packaging sector contributes to 70% of the total plastics being recycled. Plastic 
recycling can be divided into 3 main types namely material recycling, feedstock or 
chemical recycling and thermal recycling. Material recycling deals mainly with the 
recycling of municipal and industrial plastic wastes. One of the primary steps in 
mechanical recycling of plastic is collection, sorting and separating of the different type 
of plastics. The different techniques used are the manual sorting, density based sorting, 
optical sorting and advanced spectroscopic sorting [90]. Feedstock recycling is the 
process of recovering oils and gases from plastics waste by pyrolysis. This method is 
limited to polyolefins and polystyrene. Polyolefins are converted into petrochemical 
feedstock which can be used to the starting materials for polymer production. Monomer 
recovery from the waste polymer is possible by means of pyrolysis or chemical 
depolymerisation, but is normally costly. Thermal recycling of polymers is the means of 
energy recovery from polymer waste by controlled incineration. The heat recovered by 
this means is utilized to achieve an efficient form of power generation. Polypropylene on 
controlled combustion gives carbon dioxide and water [15, 91].  
The sources of waste can be either post-industrial or post-consumer. Post-industrial 
wastes are easier to recycle as compared to post consumer recyclate. This is because 
post industrial waste normally consists of single identified polymer type and is relatively 
contaminant free. Post industrial recycling has been developed to a high degree. 
However, post consumer recycling is much more challenging and still remains at a low 
level despite legislation. Household plastic wastes are usually mixed with other 
household waste and thus the waste needs to be separated prior to processing. 
Moreover, post consumer plastic waste consists of a number of different plastics and 
before recycling the plastics need to be separated into type [92].  
The nature of recovery of plastics can be closed loop, open loop or energy recovery. In 
closed loop recycling the recycled product is remade, for example using PET bottles to 
make new PET bottles. This type of recycling reduces the amount of raw material going 
into the new product manufactured. In open loop recycling different products are made 
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from the recycled product, for example making plastic lumber or synthetic fibre from 
PET bottles. Here the savings arising is at the expense of a renewable raw material, 
timber or natural fibre [92].  
Three separate classes of recycling activity were identified by Curlee [92]: 
 Primary class 
 Secondary class  
 Tertiary class 
Primary class recycling corresponds to a closed loop recycling where the plastic waste 
is processed into a material with characteristics similar to the original product. Post 
industry plastic wastes are subjected to this class of recycling. Secondary class 
recycling corresponds to the process where the plastic waste is processed into a 
material with characteristics less demanding than the original material. In tertiary 
recycling process the plastic waste is converted back into their respective monomers 
[92]. 
2.10.2 RECYCLING OF POLYPROPYLENE 
Polypropylene is the third most widely used commercial polymer. As like many other 
thermoplastic materials, direct recycling of polypropylene is potentially easy. The factors 
that are affected by recycling polypropylene are the intrinsic colour and organoleptic 
properties. Polypropylene can be subjected to both open loop or closed loop recycling. 
The production scrap like sprue, runner system, rejected parts can be recycled by a 
closed loop system. The open loop system can be used for recycling polypropylene 
products from the packaging industry and automobile industry. Mechanical recycling is 
the most common method used to recycle polypropylene. The quality of the recycled 
products depends on the efficiency of separating the different type of plastics. The 
waste polymer after separation is subjected to cleaning and shredding followed by 
extruding and regranulating to be used in new products. Depending on the end use 
application, the recycled material can be mixed with virgin material before processing or 
new products can be made for 100% recycled resins. Additives such as heat stabilisers, 
impact modifiers, antioxidants, viscosity enhancers are used in the processing of 
recycled polypropylene to compensate for polymer degradation [15]. 
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2.10.3 EFFECT OF INJECTION MOULDING ON THE 
PROPERTIES OF RECYCLED POLYPROPYLENE  
 
The possibility of reusing and recycling of polypropylene was considered by Cemal et al 
in their study [93]. There are three key factors or the 3 R’s when thinking about how to 
manage waste, the 3 R’s namely reduce, reuse and recycle. Due to the high volume to 
weight ratio of polypropylene, one of the primary steps is to compact the polypropylene 
before recycling, then it can be processed using an injection moulding process. 
Recycled PP finds it applications in automotive parts, industrial containers, films, pipe, 
tube and so on. However, as yet it cannot be used for applications involving food 
contact or medical sector. In the study conducted by Cemal.M et al [93] it was seen that 
the ultimate tensile strength of the material decreased as the percentage of recycled 
polypropylene increased. The elongation values also decreased with an increase in the 
recycled content, which can be attributed to the fact that the recycled materials have 
molecules with shorter chain length because of extended thermal history. 
The tensile strength of the 100% recycled material was found to be reduced by 15% 
compared to the tensile strength of 100% virgin material. However, no processing 
problems were encountered while injection moulding 100% recycled polypropylene 
which is an advantage. In this study, also conducted on recycled low-density 
polyethylene and high-density polyethylene, it was concluded that polypropylene was 
the most successfully recyclable and reprocessable plastic of the three because of the 
fact that it was found to have the least decrease in tensile strength and encountered no 
issues while injection moulding [93]. 
Recycled polypropylene can undergo thermo-mechanical degradation due to the high 
temperatures and mechanical stresses encountered during processing. To compensate 
for this, stabilizers and fillers are added. In a different study conducted by Brachet et al 
[94], it was observed that addition of fillers and stabilisers did not provide an 
improvement in the mechanical and thermal properties of the recycled polypropylene. 
This could be due to the polyethylene impurities that are most often mixed with 
polypropylene in the post-consumer waste. In the study, DSC analysis of the samples 
showed two peaks, one corresponding to the melt temperature of polypropylene and the 
other corresponding to the melting temperature of polyethylene. Calcium carbonate 
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added at 20% to the recycled polypropylene caused only a slight increase in the density 
[94]. Studies conducted by Kretschmer et al [58] on the influence of process parameters 
on the properties of an injection moulding grade polypropylene with wood fibre blend, 
suggested that an increase in holding pressure caused a decrease in the process 
shrinkage for samples with small amounts of filler loading. The barrel temperature, 
mould temperature and injection speed had an effect on the aesthetics of the moulding. 
An increase in all the three caused a reduction in the streaks on the surface of the 
moulding [89]. 
In the past, some research has been carried out to understand the effect of processing 
parameters on the injection moulding of thin-wall components. However little research 
has been carried out to understand the quantitative inter relationships between 
processing conditions, polymer characteristics, in-cavity flow and subsequent 
microstructure development. For thin wall injection moulded packaging components, 
there have been no reported attempts to compare real time in-cavity with simulated 
data, in order to understand the accuracy of the simulation software throughout the 
different phases of the process. As a result, there is a need to undertake the work 
reported in this thesis, in order to gain an in-depth understanding of the effect of various 
processing parameters on the microstructure and mechanical properties of thin wall 
injection moulded components. Because of short fill times, the ‘screw position data’ for 
thin-wall parts is very useful in providing a clear distinction of the various stages of the 
moulding process with respect to time, in order to clarify the precise pressure-time data. 
The measurement of screw position along with in-cavity pressure, in combination with 
Moldflow simulation and microstructure analysis, utilising Design of Experiments 
methodology, for thin wall injection moulded components makes the current research 
unique and novel. In addition to this, the effect of using nano-clays, post consumer 
recyclate PP and pigments on the processing and properties of hinges and tension 
bands has been investigated, which adds to the novelty. 
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3. EXPERIMENTAL 
This chapter describes the various experiments conducted during the implementation of 
this project. 
3.1 MATERIALS AND COMPOUNDS 
In this section, information about various formulations of PP-based materials used for 
the project is presented. 
3.1.1 VIRGIN POLYPROPYLENE 
Table 3.1: Technical data of virgin polypropylene grades used for the study 
Supplier Lyondell Basell Lyondell Basell Flint Hills Resources
PP type Homopolymer Impact copolymer Random copolymer 
PhD code PP-H PP-IC PP-RC 
Density                               
(kg m-3) 900 900 900 
Melt flow rate                   
[230° C, 2.16 kg] (g/10 min-1) 6 6 10 
Tensile stress [Yield]     
(MPa) 34 30 33 
Tensile Modulus            
(MPa) 1500 1500 NA 
Heat Deflection Temperature 
[at 0.45 MPa] (°C) 85 NA 82 
 
In the first phase of the study, three grades of virgin polypropylene were used. The 
different grades were chosen such that their melt flow index values (hence Mw) were 
similar (further details in APPENDIX section A).  
 HP501L (Moplen, Lyondell Basell) – (PP-H) 
 EP445L (Moplen, Lyondell Basell) - (PP-IC) 
 P5M4K-046 (Flint Hills Rcources) – (PP-RC) 
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PP-H is the most common grade used by Unilever for moulding caps and closures. PP-
IC is used by Unilever for packaging applications requiring impact resistance at low 
temperatures and PP-RC for high clarity packaging applications. 
For more information, please refer to data sheets in APPENDIX section A. 
3.1.2 POLYPROPYLENE CLAY NANO-COMPOSITES (PPCN’s) 
An investigation was conducted into the potential use of nano-clay in PP polymers, used 
to mould caps and closures containing a hinge and tension band mechanism. There has 
been no reported work published on using PPCN to mould functional closures 
containing hinges and tension bands. Any increase in tensile modulus achieved by the 
addition of nano-clays would possibly mean a potential to lightweight closures with a 
hinge and tension band mechanism, without compromising on the modulus. 
Ratnayake et al [105] had studied the effect of low molecular weight additives on 
exfoliation and intercalation behaviour of nano-clays in PPNC. Polypropylene grafted 
maleic anhydride (PP-g-MAH) was used as a compatibliser. The PP phase of the 
compatibliser interacts physically with the PP matrix of the PPCN. Maleic anhydride 
(MAH) is polar in nature and it interacts chemically with the organo-clay. Erucamide, a 
low molecular weight amide type polar additive, containing very short chains was used 
as a co-intercalant. Due to the very short chain, the erucamide molecules could easily 
penetrate into the clay galleries and cause intercalation.  
Based on the findings reported by Ratnayake et.al, it was decided extend this work to 
‘thin-wall injection moulding’ applications. Many screening experiments were conducted 
to determine the best combination of compounds to be used in the formulation of poly 
propylene clay nano-composites (PPCN’s) for injection moulding hinges and tension 
bands. PP homopolymer (PP-H) was the matrix polymer chosen, as this is the grade 
used most commonly for moulding closures for Unilever products. PP-g-MAH (Polybond 
3200) supplied by Chemtura, containing 1% by weight of maleic anhydride was used.as 
the compatibliser (see APPENDIX section A-4). Cloisite 15-A, a nano-clay modified with 
dimethyl dihydrogenatedtallow quaternary ammonium, supplied by Rockwood Additives 
was used in the preparation on PPCN (See APPENDIX section A-5).The co-intercalent 
used was erucamide (cis – 13- Docosenoamide) an amide type slip agent, provided by 
Sigma Aldrich (see APPENDIX section A-6).  
Cloisite-15A was dried in a vacuum oven for 14 hours at 100°C prior to the mixing with 
PP. This was the drying time and temperature recommended by the clay supplier, 
67 
 
Rockwood Additives. The removal of moisture prevents degradation and agglomeration 
of the clay while compounding and processing. 
A clay master batch was prepared by compounding the nano-clay and the PP-H using a 
twinscrew extruder. A clay loading of 30% by weight in the PP matrix, was used to 
prepare the clay masterbatch. The masterbatch was compounded using a co-rotating 
twinscrew extruder (APV MP30TC).Figure 3.3 shows the screws used in the APV 
MP30TC. By using a clay masterbatch, there is less chance of variation of clay 
quantities in the PPNC during compound preparation. Using clay in its powder form 
causes difficulty in handling. Therefore, using a masterbatch is more efficient during 
compounding and safer in terms of handling and storage. One of the advantages of 
using a twinscrew extruder is that it offers a better dispersive mixing of the polymer and 
filler across a lower melt temperature range which can help prevent thermal 
degradation. The screw speed was set at 300 rpm. There were two gravimetric feeders 
used, one to feed the polymer and the other to feed the clay, at controlled mass flow 
rates. Virgin PP was fed at a rate of 3.5 kg/hour and Cloisite 15-A was fed at a rate of 
1.5 kg/hour. With a higher rpm, it is believed that there will be a better mixing achieved, 
due to increased shearing of the PP and the clay during extrusion, which in turn helps to 
produce a homogenous masterbatch. However, it should also be kept in mind that a 
higher rpm gives a shorter residence (mixing) time. The barrel temperatures were set 
from the die to the hopper respectively at 205°C, 200°C, 195°C, 190°C, 185°C, 180°C. 
The masterbatch was extruded into a water bath and then pelletised into granules. 
These were then dried at 80°C for an hour to remove and surface moisture. Table 3.2 
shows the specifications of the APV MP30TC. 
Table 3.2: Machine specification - APV MP30TC 
Screw diameter (mm) 30 
Screw length/diameter ratio 30:1 
Screw speed range (rpm) 0-500 
Screw rotation Co-rotating 
Screw action Self-wiping, fully intermeshing 
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Figure 3.1: Schematics of a compounder 
 
 
Figure 3.2: APV MP30TC 
 
 
Figure 3.3: Screws used in the APV 
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3A) STAGE – 1 
In the first stage of work formulations were prepared adding clay masterbatch, PP-g-
MAH and erucamide into PP-H which is the polymer matrix. 
The first stage of work was to determine the effect of erucamide erucamide 
concentration on the yield stress of PPNC, and also to determine the optimum 
erucamide % to be used in the PPCN formulations. The ratio of clay to PP-g-MAH was 
kept constant at 0.3:1 for this part of the experimentation. In stage 1, the ratio of 
erucamide was increased from 0.25 to 1%.  
 
Table 3.3: First stage formulation, ratio of erucamide varied 
Compound Polymer 
(%) 
Clay         
(%) 
PP-gMAH 
compatibilizer
(%) 
erucamide 
(co-
intercalant)  
(%) 
Total 
weight 
(kg) 
CC(0E) 
control 
98.7 0.3 1 0 5 
CC(0.25E) 98.45 0.3 1 0.25 5 
CC(0.5E) 98.2 0.3 1 0.5 5 
CC(0.75E) 97.95 0.3 1 0.75 5 
CC(1E) 97.7 0.3 1 1 5 
 
For all the concentrations of erucamide under investigation, the ratio of 
clay:compatibliser was kept unchanged at 0.3:1. Table 3.3 shows the formulation used 
in the first stage of the study. The required amount of PP, clay masterbatch, PP-g-MA 
and erucamide for each formulation shown in Table 3.3, were weighed out separately 
and mixed manually before being fed into the twin screw extruder. Extrusion conditions 
were similar to those used for preparing the masterbatch. Compounding with the twin 
screw extruder was designed to ensure that PP, erucamide, Cloisite 15A and PP-g-MA 
were mixed homogenously.  
 
3B) STAGE – 2 
The second stage of work was to determine the optimum % of clay and compatibliser to 
be used in the formulation, in-order to investigate the mouldability and tensile properties 
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of PPCN’s. In this experiment the erucamide weight % was fixed at 0.25% and the 
clay:compatibliser ratio was varied. The quantities of clay masterbatch and 
compatibliser were varied in a manner such that, in all the formulations, the clay 
:compatibliser ratio remained unchanged at 0.3:1. This is shown in Table 3.4. 
 
Table 3.4: Second stage formulation. Ratio of clay compatibliser to PP varied 
Compound Polymer 
(%) 
Clay        
(%) 
PP-gMAH 
compatibilizer 
(%) 
Erucamide 
(co-
intercalant) 
(%) 
Total 
weight 
(kg) 
CC(1C) 98.45 0.3 1 0.25 2.5 
CC(2C) 97.15 0.6 2 0.25 2.5 
CC(3C) 95.85 0.9 3 0.25 2.5 
CC(4C) 94.55 1.2 4 0.25 2.5 
CC(5C) 93.25 1.5 5 0.25 2.5 
 
Based on the findings from the initial work (Figures 6.1 and 6.2 in Chapter 6), two series 
of experiments were conducted (with and without erucamide {co-intercalant}) for 
studying the properties of PPCN hinges and tension bands. 
Virgin PP homopolymer was used as a control. A Unilever mould tool was used to 
mould PPNC hinges and tension bands. In one set of formulations the 
clay:compatibliser ratio was fixed at 1:1. The quantity of clay and compatibliser was 
then increased but the ratio of clay:compatibliser remained constant at 1:1 In the other 
set of formulations the clay:compatibliser:erucamide ratio fixed at 1:1:0.75. PP-H was 
used as the matrix polymer. Similarly in the second set of formulations, the quantity of 
clay,compatibliser and co-intercalent was increased such that the ratio of the three 
components remained unchanged.  
Table 3.5 and Table 3.6 show the various formulations used for the PPCN study on 
hinges and tension bands: 
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Table 3.5: Formulation of clay and compatibliser in PPCN’s 
Compound Polymer  
(%) 
Clay      
(%) 
PP-gMAH 
compatibliser 
(%) 
Total 
weight (kg)
0E,0C 
Control 100 0 0 2 
0E,1C 98 1 1 2 
0E,2C 96 2 2 2 
0E,3C 94 3 3 2 
0E,4C 92 4 4 2 
0E,5C 90 5 5 2 
 
Table 3.6: Formulation of clay, compatibliser and erucamide in PPCN’s 
Compound Polymer 
(%) 
Clay  
(%) 
PP-gMAH 
compatbilizer 
(%) 
Erucamide 
(co-
intercalant)  
(%) 
Total 
weight 
(kg) 
0E,0C 
Control 100 0 0 0 2 
0.75E,1C 97.25 1 1 0.75 2 
1.5E,2C 94.5 2 2 1.5 2 
2.25E,3C 91.75 3 3 2.25 2 
3E,4C 89 4 4 3 2 
3.75E,5C 86.25 5 5 3.75 2 
 
 
3.1.3 REPROCESSED PP AND POST CONSUMER PP 
RECYCLATE (PCR) PP 
 
3C) REPROCESSED PP 
The effect of using reprocessed PP and PCR PP, in thin wall injection moulded hinges 
and tension bands were investigated in an additional study phase. This study was 
conducted to identify if there was any potential to for Unilever’s moulders to use re-
processed PP for moulding closures containing a hinge and tension band. Various 
amounts of reprocessed PP were added to the virgin PP impact copolymer (PP-IC) in a 
bag and agitated thoroughly. PP-IC was the grade chosen for this study because any 
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reduction in elongation at break is more likely to be noticed in practice when using an 
impact copolymer (elastomers have high elongation to break). 
Initially samples were moulded from virgin PP-IC and then these mouldings were re-
ground using a granulator (see Figure 3.4), to produce reprocessed PP. The granulator 
has a set of four rotary blades rotating at a speed of 1400 rpm, inside a cutting 
chamber. The mouldings were fed into the granulator via the opening in the hopper and 
the granules were collected in the collecting bin. 
 
 
Figure 3.4: Granulator 
Compounds were prepared by adding re-processed PP into virgin PP-IC and manually 
mixing them at different ratios as shown in Table 3.7 
 
Table 3.7: Formulations containing PP reprocessed once and virgin PP 
Composition Re-processed (PP-IC) (%) Virgin (PP-IC) (%) 
PP-RE1(0) 0 100 
PP-RE1(10) 10 90 
PP-RE1(20) 20 80 
PP-RE1(50) 50 50 
PP-RE1(100) 100 0 
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Initial comparison of mechanical properties of virgin PP mouldings and those moulded 
from compounds containing various amounts of re-processed PP, did not show any 
noticeable difference (full results will be provided in Chapter 7). Therefore, it was 
decided to study the mechanical properties of mouldings made from compounds 
containing PP subject to re-processing more than once. The process of moulding and 
shredding were repeated to obtain granules which were re-processed three times. Table 
3.8 shows the various compositions of re-processed PP to virgin PP-IC that were used 
in the study. 
 
Table 3.8: Formulations containing PP reprocessed thrice and virgin PP 
Composition Re-processed EP445-L (%) Virgin PP (EP445-L) (%) 
PP-RE3(0) 0 100 
PP-RE3(10) 10 90 
PP-RE3(20) 20 80 
PP-RE3(50) 50 50 
PP-RE3(100) 100 0 
 
3D) POST CONSUMER RECYCLED (PCR) PP 
This part of the study involved using post-consumer recyclate (PCR-PP) in order to 
investigate the possibility of producing hinges and tension bands. Previously, there has 
been no reported work carried out on using PCR-PP to mould closures containing a 
hinge and tension band mechanism. Any potential of using PCR for moulding closures 
for packaging of Unilever products would be advantageous to the company as it helps 
to improve the sustainability. Compounds were prepared using PCR PP and virgin PP-
H. The PCR-PP was sourced from Biffa Polymers in the form of flakes. However, the 
flakes were too big to be fed into the hopper of the compounder. Therefore, prior to 
compounding they had to be passed through a shredded in order to obtain smaller 
flakes. A twin screw extruder (APV MP30TC shown in Figure 3.2) was used to 
compound the virgin PP and PCR, in different proportions and to extrude them to form 
pellets. The barrel temperatures on the twin screw extruder were set from the die to the 
hopper respectively at 200°C,195°C,190°C,185°C,180°C,175°C. The screw speed was 
set to 200 rpm. The ratio of PCR in virgin PP-H was varied from 0% to 100%, in 25% 
increments. The compounder had two loss-in-weight feeders, one of which was used to 
feed the virgin PP-H and the other used to feed PCR at controlled rates. The feed rates 
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of both the hoppers were controlled independently in order to achieve the desired 
compositions. The different proportions of the materials in the formulation were 
achieved by controlling the feed rate of the loss-in-weight feeders; Table 3.9 shows the 
different feed rates used to extrude the various formulations of PCR. 
 
Table 3.9: Compound formulations used for the PCR study 
Compound virgin PP-H 
 % weight 
PCR  
% weight 
Virgin PP 
feed rate 
(kg/h) 
PCR feed 
rate  
(kg/h) 
PCR0 control 100 0 6 0 
PCR25 75 25 4.5 1.5 
PCR50 50 50 3 3 
PCR75 25 75 1.5 4.5 
PCR100 0 100 0 6 
 
3.1.4 POLYPROPYLENE COLOUR MASTERBATCHES 
A part of this PhD study was to determine the effect of colour masterbatches on the 
mouldability and mechanical properties on hinges and tension bands. Green and violet 
were the colours investigated in this study, which were chosen by Unilever,the project 
sponsor. For Unilever caps and closures, violet and green showed very distinct 
behaviour in terms of warpage. Green closures showed excessive warpage, whereas 
violet closures were within the tolerance. This is why these two colours were chosen for 
this study. A let-down ratio of 6% (6% of masterbatch was added into PP-H) was used 
for producing coloured mouldings. This ratio remained unchanged for both green and 
violet masterbatch. The let-down ratio used by Unilever’s suppliers for these 
masterbatches( green and violet) is 6%. This is the reason why 6% let-down ratio was 
used for moulding samples using the instrumented hinge and tension band mould tool. 
The violet masterbatch Cleartint PP violet 7323 (2% pigment loading) was supplied by 
Milliken and the green pigment was BL-66000 GreenTrans PP (6% pigment loading) 
was supplied by Ampacet. Details about the chemical composition of the pigments were 
not disclosed by the supplier. Green masterbatch could be based on phthalocyanine or 
oxides of chromium. Violet masterbatch could  be based on oxides of manganese or 
cobalt or phosphates of manganese, i.e. manganese ammonium phosphate [138-139]. 
Compounds were prepared by adding the required quantity of masterbatch into virgin 
PP-H and manually mixing them as shown in Table 3.10. A total of 5kg compound, were 
produced for moulding coloured samples for the masterbatch investigation. 
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PP-H(G) is PP-H containing 6% of green masterbatch and PP-H(V) is PP-H containing 
6% of violet masterbatch. 
 
Table 3.10: Ratio of PP-H and masterbatch used in the compounds 
Compound 
PP-H weight              
(g) 
Masterbatch weight 
(g) 
PP-H(G) 4700 300 
PP-H(V) 4700 300 
 
3.2 INJECTION MOULDING SIMULATION –AUTODESK 
MOLDFLOW INSIGHT (AMI) 
 
Injection moulding simulation of the hinge and tension band cavity was carried out using 
Autodesk Moldflow Insight (AMI) software provided by Autodesk. A CAD model of the 
hinge and tension band geometry was created as a stereolithography (.stl) file and the 
model was exported to Moldflow to perform the analyses. The model is shown below in 
Figure 3.5. Figure 3.6 is a zoomed in view of the hinge and tension band section. The 
hinge and tension band cavities and the CAD model were designed so as to facilitate a 
balanced filling of both the cavities. Also, the cavities were designed such that flow 
ratios of sections either side of the hinge and tension band geometries were similar to 
those achieved while moulding a Unilever closure with a hinge and tension band 
mechanism.  
Autodesk Moldflow Insight (AMI), program was opened either by double clicking the AMI 
icon on the desktop or by selecting the icon from the start menu. A new project was 
created by clicking on the file menu on the toolbar and selecting ‘New Project’. A project 
name was entered and the ‘OK’ button was clicked to save the project onto the 
computer. The CAD model of the hinge and tension band geometry was already stored 
in the computer as a study file (.sdy). This was imported from the corresponding folder 
into AMI by clicking on the ‘Import’ option from the file menu. 
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Figure 3.5: CAD model of the hinge and tension band cavity used in Moldflow simulation 
 
 
Figure 3.6: A close up of the hinge and tension band CAD model 
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Figure 3.7: Dimensions of hinge and tension band sections 
 
From Figure 3.7 it can be seen that the geometry of the hinge section is more complex 
compared to tension band. In the case of hinge, there are two step changes (two steps 
of reduction in thickness) whereas for tension band geometry, there is only a single step 
(singe change in thickness).  
 
3E) MESHING 
Moldflow simulates the flow process encountered during injection moulding process by 
dividing the model into many small triangle elements. This process is called as meshing. 
Since the hinge and tension band are thin walled components, a dual domain mesh was 
used for the analysis (detailed description on the mesh types is given in Chapter 2). A 
node is referred to as the vertices of the triangular elements. The distance of separation 
between each node is called the edge length (see Figure 3.8). After importing the CAD 
model the following steps were followed for meshing the parts. 
 
 From the toolbar ‘Mesh’ option was clicked 
 From the ‘Set Mesh Type’ option, ‘Dual Domain’ was selected  
 ‘Generate Mesh’ option was clicked and from then values were entered for ‘Edge 
length’ 
 ‘Mesh Now’ button was clicked 
 
Global edge length is the distance of separation between each nodes. 
For the main part of the mouldings, the overall node to node distance was set to 1.5 
mm. In the hinge and tension band sections (thin sections), the node to node distance 
was set to 0.3 mm.  
These values were obtained after a trial and error process. Since the hinge and tension 
band sections were short and thin, a higher global edge length would mean fewer nodes 
across the length of these sections, which in turn would result in less accurate results. A 
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node to node distance of 0.3 mm for the mesh around the hinge and tension band 
section ensured a minimum of 10 nodes across the length of these sections. Increasing 
the number of nodes along a given length increases the accuracy of prediction, as there 
are more data points in the results. However, the computation time is also increased, 
since Moldflow simulates the injection moulding process by considering flow to take 
place from one node to the connecting node, and the analysis continues until the flow 
front reaches the last node. So for a given length, the computational time is directly 
related to number of nodes. The above mentioned mesh sizes were used for simulation 
to increase the accuracy of prediction across the hinge and tension band geometry by 
not significantly increasing computational time.    
 
Figure 3.8: A triangular element used in AMI for meshing the model 
 
3F) CREATING RUNNER AND COOLING SYSTEMS 
The following steps were carried out in-order to model the runner system and cooling 
channels. The runners and cooling channels are shown in Figure 3.9 
 
 From the toolbar ‘Modeling’ option was clicked and then ‘Runner System Wizard’ 
was clicked 
 The sprue position and dimensions were defined as shown in Figure 3.10 and 
Figure 3.11. 
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Figure 3.9: Runner system and cooling channels modelled for simulation 
 
 
Figure 3.10: Sprue position co-ordinates 
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Figure 3.11: Sprue dimensions 
 
 The gate properties were set as shown in Figure 3.12 and then the ‘Finish’ button 
was clicked. 
 
Figure 3.12: Gate dimensions 
 
For the runner system an edge length of 15 mm and for the sprue an edge length of 8 
mm was used. For the gates the node to node distance was set to 0.5 mm  
After creating the runner system, cooling channels were created as described below. 
 From the toolbar ‘Modeling’ option was clicked and then ‘Cooling Circuit Wizard’ 
was clicked and the dimensions shown in Figure 3.13 were entered. 
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Figure 3.13: Cooling channel dimensions 
 Dimensions for the layout of the cooling channels were entered as shown in 
Figure 3.14 and the ‘Finish’ button was clicked. 
 
 
Figure 3.14: Cooling channel layout dimensions 
 
The mould boundary i.e. the size of the mould was defined as shown in Figure 3.15 
From the toolbar ‘Modeling’ option was clicked and then ‘Mold Surface Wizard’ was 
selected 
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Figure 3.15: Mould surface dimensions 
 
 
Figure 3.16: Mould surface boundary modelled for simulation 
 
3G) SIMULATION METHODOLOGY 
The analysis sequence which was performed on the model were set as follows.  
 From the toolbar, ‘Analysis’ option was clicked  
 ‘Set Analysis Sequence’ was clicked and ‘Cool + Fill + Pack + Warp’ option was 
selected 
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 To select the material, the ‘Analysis’ option from the toolbar was clicked and 
‘Select Material’ option was clicked. This could also be done by double clicking 
the ‘Select Material’ icon from the study task pane 
 From the ‘Select Material’ window (see Figure 3.17), the ‘Manufacturer’ drop 
down list was clicked and the appropriate polymer supplier was selected 
 From the ‘Trade Name’ drop down list, the appropriate grade of PP was selected. 
(More information on the details of the PP grades used can be found in 
APPENDIX section C1-C3). 
 
 
Figure 3.17: Material (PP grade) selection 
 
From the toolbar ‘Analysis’ option was clicked, then the appropriate values were 
inputted (see  
 Figure 3.18 to Figure 3.21) 
 
Figure 3.18: Melt temperature, mould opening time and cycle time (example) 
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Figure 3.19: Fill and pack settings examples 
 
 
Figure 3.20: Shot size and cushion size. Ram position and speed. (examples) 
 
 
Figure 3.21: Warp settings 
 
Initially different injection speeds were investigated. Figure 3.20 is an example of one of 
the settings which was used in the simulation study. Figure 3.22 shows injection speed 
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was set to 16.8 mm/s, which corresponds to 21 % of the total injection speed achievable 
by the machine (Full details of NB-62 specification is provided in Table 3.11). 100% 
injection speed of the machine corresponds to 80 mm s -1, therefore 21% corresponds 
to 16.8 mm s-1. Rate of movement of the ram was therefore set to 16.8 mm s-1. 
 
 
Figure 3.22: Constant injection speed profile (ram position v ram speed) 
 
 
Figure 3.23: MPI injection moulding machine description 
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From Figure 3.22 it can be seen that, the injection is carried out using a single constant 
speed. The injection switches to packing/holding (V/P) switchover, when the screw is 
10mm away from the end of the shot. Injection phase is velocity (V) controlled (pressure 
is therefore a measured or dependent variable during injection). Packing phase is 
pressure (P) controlled (screw displacement is a measured/dependent variable during 
packing). 
 
 
Figure 3.24: MPI injection moulding machine – injection unit settings 
 
The injection moulding machine details were entered into the injection moulding 
machine dialogue box. The maximum injection stroke was 165 mm. The maximum 
injection rate of 66 cm3 s-1 and the screw diameter of 28 mm were also entered. 
 
 
Figure 3.25: MPI injection moulding machine – hydraulic unit settings 
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From Figure 3.25 it can be seen that the intensification ratio of the Negri Bossi injection 
moulding machine used in this project is 15.5 (calculation shown in APPENDIX section 
C4). It is a direct relationship between the injection pressure and hydraulic pressure. 
Intensification ratio is calculated by dividing the ram area by the injection screw area. It 
is the ratio of material pressure in front of the screw compared to the oil/hydraulic 
pressure in the hydraulic cylinder of the injection moulding machine, behind the screw. 
Injection moulding machines with smaller diameter screws will achieve higher 
intensification ratios, for a given cylinder size.  
It can also be seen that the hydraulic response time of the Negri Bossi used in this 
project is 0.5 seconds (see the figure in APPENDIX section C5). Hydraulic response 
time is the time taken by the machine to achieve a set parameter. For example if a 
packing pressure of 10 bars is set, the machine takes 0.5 seconds to achieve this set 
pressure. The maximum injection pressure capacity of the machine is 220 MPa. 
 
3.2.1 EXTENT OF FILLING - A VISUAL COMPARISON 
BETWEEN MOLDFLOW SIMULATION AND PRACTICAL 
INJECTION MOULDING FOR VARYING SHOT SIZES 
 
A simulation study of varying the screw stroke was carried out, to compare the extent of 
mould filling obtained during simulation with the extent of filling, obtained in the actual 
mouldings for the same processing conditions. The mould temperature was set at 30º C 
and the melt temperature was set at 220ºC. The speed of injection was set to 30 % of 
the total injection speed achievable by the machine. 100% injection speed of the 
machine corresponds to 80 mm s -1, therefore 30% corresponds to 24 mm s-1. Samples 
were moulded using PP-H. A visual comparison of the actual mouldings and Moldflow 
predicted results of the extent of fill for different shot sizes were carried out. 
Moldflow recommends using a dual domain mesh (DD) for simulation study of thin-
walled parts. In order to check if this statement was true, it was decided to compare the 
in-cavity data with simulation results obtained from Moldflow. A full description of the 
real time in-cavity data capture facility is given in section 3.3.2). Moldflow analysis of 
both 3D and DD meshed hinge and tension band cavities were conducted. 27 different 
sets of processing conditions (shown in DoE section) were used. For each processing 
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condition, maximum in-cavity pressure obtained by Moldflow (3D and DD) was 
compared to the corresponding actual in-cavity data. 
3.3 INJECTION MOULDING PRACTICAL STUDIES 
Injection moulding was carried out using a Negri Bossi NB 62 moulding machine. The 
specification of the machine is shown below in the Table 3.11  
 
Table 3.11: Negri Bossi NB62 Injection Moulding machine specifications 
Screw diameter (mm) 28 
Screw length – to – diameter ratio 23 
Injection rate (cm3 s-1) 66 
Maximum injection speed (mm s-1) 80 
Maximum stroke 165 mm 
Maximum injection volume 102 cm-3 
Max pressure on material (MPa) 224 
Plasticating capacity (kg h-1) 45 
Max screw rotating speed (rpm) 310 
Barrel heating zones 4 
Mould clamping force (kN) 620 
Mould opening stroke range (mm) 130 - 310 
Mould thickness range (mm) 120 - 350 
Size of platens (mm) 505 x 490 
Space between tie bars (mm) 315 x 315 
Hydraulic ejection force (kN) 23.8 
Hydraulic ejector stroke (mm) 70 
 
There were various diameters of screw available. The smallest diameter available was 
chosen, in order to achieve maximum intensification ratio of pressure. This made the 
NB62 suitable to mould thin walled injection moulded samples using the PhD cavity 
design (hinge and tension band). 
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3.3.1 EVALUATION OF THE INJECTION MOULDING MACHINE 
PERFORMANCE 
 
The reliability of the injection moulding machine was verified by conducting some tests. 
This was done to ensure that the machine has acceptable performance and accuracy 
for the type of work that was carried out. Other work done on the machine prior to this 
project raised doubts, that the inner surface of the barrel had become worn in some 
regions. As a result it was necessary to conduct tests to check the reliability of the 
machine. To check the condition of the check ring and to ensure that there was no back 
flow of polymer melt inside the barrel during injection, an experiment was devised 
whereby the weights of the mouldings and air shots corresponding to different shot 
sizes were measured. Air shots were obtained by injecting the polymer into air, with the 
injection unit taken backward, so that there was no contact between the nozzle and 
sprue. Mouldings were obtained by injecting polymer into the mould. If there was back 
flow of the polymer, it would be evident from a difference in weight of the moulding to 
the air shot, for a fixed stroke. Stroke was increased from 5 mm to 80 mm in 5mm 
increments. Packing pressure and packing time were set to zero. The mould 
temperature was set to 30°C and a melt temperature of 220°C was used. 
 
 
Figure 3.26: New check ring (one-way valve) installed in the injection moulding screw tip 
Also, a visual inspection of the injection moulding machine was carried out mainly 
focusing on: 
 any wear on the check ring or on the inner surface of the barrel; 
 general performance in response to input data for pressure, speed etc.; 
 any other relevant performance checks or maintenance; 
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This was carried out by an engineer from Negri Bossi, the machine supplier. The 
existing check ring was replaced with a new check ring as shown in Figure 3.27 
 
 
Figure 3.27: Screw with a check ring valve assembled on its tip. A new check ring valve placed on 
the side 
 
3.3.2 INJECTION MOULDING IN-CAVITY DATA ACQUISITION 
SYSTEM – GENERAL OVERVIEW 
 
For this project, an instrumented mould (see Figure 3.28) was designed and developed 
to simulate the hinge and tension bands used in various caps and closures used on 
various Unilever products. High performance pressure transducers which work on 
piezoelectric principle were fitted in the mould cavity to record the in-cavity pressure. 
Four transducers were used in total, one above and one below the hinge and tension 
band sections. The placement of the transducers in these positions enabled recording 
and analysis of the pressure and temperature changes that occurred across the hinge 
and tension band thin sections. Understanding the variations of temperature and 
pressure caused by different processing parameters in these this sections was critical. 
Each transducer was capable of measuring both temperature and pressure 
simultaneously. The transducers (Type 6189A) were provided by Kistler Instruments 
Ltd. These transducers can measure temperatures of up to 400°C and can measure in-
cavity pressure in the range of 1 – 2000 bar. 
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Figure 3.28: Instrumented hinge and tension-band mould 
 
When the melt front comes in contact with the face of the sensor, it creates a 
mechanical stress on the quartz measuring device. Piezoelectric materials (for example 
quartz) can generate an electrical voltage when a mechanical stress is applied on them. 
Thus the pressure of the flow front acting on the sensor’s quartz measuring device 
generates a proportional electric charge measured in picocoloumbs (pC).  
(1 pC = 10-12 coloumb). A coloumb is the charge transported by a steady current of one 
ampere in one second. The generated charge is converted to a voltage signal in the 
range of 0 – 10 V which is available as an amplified output. The transducers also have a 
pair of thermocouples K type (NiCr-Ni) which measures the temperature of the polymer 
melt inside the mould. Two thermocouple cables run separately into the sensor and they 
are welded into a K-type thermocouple positioned at the tip of the transducer (see 
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Figure 3.30). A data sheet of transducer type 6189A is available in the APPENDIX 
section D1. 
 
Figure 3.29: In-cavity pressure and temperature transducer (type 6189A) used in the hinge and 
tension band cavity (Figure courtesy of Kistler Instruments Ltd.) 
 
 
Figure 3.30: Tip of the transducer containing type K thermocouple (Figure courtesy of Kistler 
Instruments Ltd.) 
The back end of the transducers (connection cables) are attached to a spacer sleeve 
which is attached below the bolster (mould base) (see Figure 3.31 and Figure 3.32). 
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The front end of the sensor is installed by drilling appropriate sized holes in the mould 
base (See Figure 3.33). The tip of the sensor is flush with the mould cavity surface and 
is chrome plated to improve wear resistance. 
 
 
Figure 3.31: Spacer sleeve used to install transducer in the mould cavity (Figure courtesy of 
Kistler 
 
 
 
Figure 3.32: Spacer sleeve used to install transducer in the hinge and tension band cavity 
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Figure 3.33: Four transducers positioned through holes drilled in the hinge and tension band 
mould back plate 
 
 
Figure 3.34: Data acquisition system: In-cavity pressure measurement system linked to a 
computer for data capture 
As indicated in Figure 3.34, the output leads from the pressure transducers were 
connected to the amplifier and the signals were fed into a computer for data analysis 
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[97]. Experiments were carried out to validate and optimise the pressure measurement 
system. 
Data Flow 2.5 software/program was used for acquisition and evaluation of injection 
moulding data. The following steps were carried out to set up Data Flow software to 
record the data. The sampling rate was set to 250 Hz. 
 From the desktop, the Data Flow 2.5 was opened by double clicking on the icon 
 From the toolbar, ‘Measure Data’ was clicked and from the draw down menu 
‘New Data Acquisition’ was chosen 
 From the Hardware Configuration window ‘Load an existing configuration’ option 
was clicked and the respective set up file was chosen (in this case Aravind – 
Unilever Test. Dfc)  
 Open tab was clicked. 
 The ‘Load Hardware Configuration File’ was selected and ‘Next’ button was 
clicked. 
 Then ‘Save hardware configuration to existing file’ option was selected and 
‘Finish’ button was clicked 
 The channels corresponding to the transducers measuring pressure and 
temperature were ticked/enabled so that the data from those transducers could 
be acquired (see Figure 3.35). 
 
Figure 3.35: Channels corresponding to measurement transducers enabled (selected) to enable 
data acquisition 
 
 The ‘Save Measure Data to File’ button was clicked and a respective folder was 
chosen to save the data. 
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 Then the ‘Start Acquiring Data’ button was clicked. After the required amount of 
data was captured, the ‘Stop’ button was clicked. All the data were saved into the 
chosen folder. (For images on the set up procedure, please refer to APPENDIX 
section D2). 
After acquiring the data, they were exported into Microsoft Excel program. The ‘Export 
Mean Curve’ option was selected and the ‘Export To Excel’ tab was clicked. 
 
 
Figure 3.36: Exporting the acquired data into Microsoft Excel 
 
3.3.3 INJECTION MOULDING – EFFECT OF VARYING TOTAL 
INJECTION STROKE ON ‘IN-CAVITY’ PRESSURE 
  
The complete volume/mass of melt injected during a moulding cycle, including that 
which fills the runner system is called a shot, and is expressed in m3. The distance from 
the nozzle tip to the tip of the screw after the screw back phase has completed, is called 
the total stroke and is measured in mm. This can be measured from a scale fitted on the 
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machine, where a pointer attached to the screw corresponds to the displacement of the 
screw movement/stroke.  
In order to determine the relationship between the maximum in-cavity pressure and total 
injection stroke, an experiment was carried out. The screw displacement showing 
injection and packing phase in a conventional injection moulding process is shown in 
Figure 3.37.  
 
Figure 3.37: Screw displacement during injection and packing phases 
 
In an injection moulding process, there are two important phases (injection phase and 
packing phase) during the filling of a mould cavity. From Figure 3.37 it can be seen that 
the injection phase is velocity controlled. During this phase the screw moves forward at 
a set velocity and the pressure generated by the screw moving forward can be 
measured. After the injection phase (velocity controlled), the process switches to 
packing phase (pressure controlled). The point at which this switchover happens is 
called as V/P switch over. In Figure 3.37 this happens at ‘a’ mm. The packing or holding 
phase is pressure controlled. During this phase a packing pressure is set and the screw 
moves forward at a velocity so as to achieve this set packing pressure. In the industry, it 
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is a common practice to set the packing pressure to 80% of the maximum pressure 
achieved/measured during injection. After the completion of injection phase, the amount 
of polymer remaining in the barrel (i.e. the amount of polymer melt between the front of 
the screw tip and nozzle) is referred to as the cushion. In Figure 3.37, 0 – a mm is the 
cushion size. During the packing phase, the polymer from this cushion is used to fill the 
cavity in-order to compensate for the shrinkage of the moulded part. 
In the current experiment the polymer (PP-H) was injected into the mould at different 
strokes (see Table 3.12). The injection phase was carried out in a single stroke at a rate 
of 24mm s-1. Throughout the experiment, there was no packing phase (packing 
pressure and packing time were set to zero). Mould cooling was set to 30º C and a melt 
temperature of 220°C was used. 
Table 3.12: Various stroke sizes investigated 
Stroke(mm) 14 16 18 20 22 24 26 28 
 
3.3.4 IN CAVITY PRESSURE - A COMPARISON BETWEEN 
MOLDFLOW SIMULATION AND PRACTICAL INJECTION 
MOULDING 
 
As an initial verification experiment to assess the accuracy of Moldflow and the in-cavity 
pressure measurement system, a study was carried out to compare the in cavity 
pressure results obtained from simulation with the actual pressure traces obtained 
during practical injection moulding, with the same set of process settings. The nodes 
corresponding to the positions of the pressure transducers in the hinge and tension 
band CAD model were selected to obtain the pressure plots at those points using MPI. 
The node numbers corresponding to the positions of the transducers are indicated in 
Figure 3.38. In this way, pressure-time data were collected at each position throughout 
the injection, packing and cooling phases. PP-H was the polymer used. The screw 
injection speed was set at 40 mm s-1 for the majority of the injection stroke and then for 
the last 5 mm of the injection stroke, the screw speed was set at a slower speed of 4 
mm s-1. 
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Figure 3.38: MPI hinge cavity node position and number corresponding to the actual transducer 
positions inside the mould cavity 
The idea of profiling the injection stage was to avoid the formation of any pressure 
spikes in the pressure curves. The total stroke was set to 40.5mm. A melt temperature 
of 220°C was used and the mould temperature was set to 30°C. Packing pressure was 
set to 10 bar hydraulic (18 MPa screw pressure) for a time of 3 seconds. 
 
3.3.5 INJECTION MOULDING IN-CAVITY SENSOR PRE-LOAD 
TEST 
 
A sensor pre-load test was carried out, during which the pressures were measured 
while opening and closing the mould, without any injection or packing. The idea behind 
this is to see if there is any force registered by the in-cavity transducers during opening 
and closing of a mould. Normally there should be no force registered by the transducers 
during clamping. Any forced registered during mould opening or closing would happen if 
the sensors are pre-loaded. The pre-load test was conducted and some corrective 
actions were taken in order to establish and verify a true ‘zero pressure’ condition during 
mould opening and closing. 
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3.3.6 INITIATION OF PRESSURE MONITORING AND SCREW 
POSITION MONITORING 
 
In the current setup, the system was set to activate the monitoring and recording of in 
cavity pressure when the mould halves closed. This was triggered by an inductive 
proximity switch positioned in the path of the mould movement. However, there was a 
time lag between the switch triggering the pressure measurement and the actual start of 
the injection phase. This caused difficulty in interpreting the pressure traces with respect 
to screw positions. Thus to get a true understanding of the different phases of the 
pressure curve, the in-cavity pressure measurement by the sensors must start exactly 
at the same time when the screw starts injecting the polymer melt. If the time lag 
between the start of pressure measurement and the start of injection could be 
eliminated, it would be possible to differentiate the different phases of the injection 
moulding process with respect to time, since we can measure the injection time from the 
machine and the packing time is pre-set. 
The pressure measurement can be initiated at exactly the same time as that of the start 
of injection, by linking the signal from the injection moulding machine microprocessor to 
the Kistler monitoring and documenting system, ‘CoMo’ Injection Type 2869B. (the 
name of the system used by Kistler to document and monitor the cavity pressure). This 
linking was carried out by connecting two wires from the mother board of the machine, 
one from a relay switch with a 24V DC output and the other from a relay switch with a 
0V output into the Kistler monitoring and documenting system. An extra switch card had 
to be attached to the CoMo injection system which detects the signal from the machine 
and triggers the pressure measurement. This new set up also enabled measurement of 
the position of the screw with respect to time. The knowledge of screw position with 
respect to time is very critical and useful in understanding the different stages during the 
injection moulding cycle, such as the start of the injection phase and the exact point of 
V/P switchover. 
3.3.7 HARDENING INJECTION MOULDING TOOL  
 
The mould core (which is a flat plate in this case, see Figure 3.39), used for this project, 
was a steel plate, which was used in on as-supplied condition. 
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Figure 3.39: Mould core used in the project 
 
Due to repeated moulding, the flat plate had indentation marks, which were thought to 
be the cause of flashing during moulding. In order to rectify this and avoid flashing in 
future, it was decided to harden the fixed plate. Before hardening, the plate face was 
ground. Once the surface was flat, it was subject to hardening. The hardening technique 
had caused a roughness on the surface, so the plate had to be re-ground, after 
hardening, to obtain a smooth face. 
The process of hardening however caused some shrinkage to the mould plate. The hole 
diameters for the sprue bush and the guide / locating pins, shrunk by 0.3 mm 
approximately. This meant that there was difficulty in matching the mould halves 
together. Because of this, the holes in the fixed plate had to be re-machined and made 
larger by 0.3 mm. 
As a result of hardening, it was observed that a slightly higher clamp tonnage was 
achieved (60 tonnes compared to 58 tonnes). It may be because of the fact that, prior to 
hardening, the mould fixed plate was comparatively soft and thus caused deformation 
during clamping, and this movement caused a slight loss in the clamp tonnage 
achieved. 
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3.3.8 INJECTION MOULDING OF PPCN’s 
 
For the first stage screening tests, pellets extruded from the different set of formulations 
were injection moulded into standard tensile test specimens. This step was carried out 
in the initial stages of testing in order to find the optimum ratio of the compounds 
required to mould the hinge and tension band mouldings. A mould temperature of 20°C 
and a melt temperature of 230°C were used and a packing pressure of 35 MPa (screw 
pressure) was applied for 3 seconds, while the injection velocity was set to 16.8 mm s-1. 
After tensile testing, the clay masterbatch :compatibliser : erucamide ratio, which 
produced samples with highest ultimate load properties were determined. This ratio was 
identified as the optimum.  
Once the optimum ratio of ingredients in the compound was determined, hinge and 
tension band injection moulded samples were moulded using the optimised formulation. 
Injection moulding was carried out using the optimised process setting obtained for PP-
H during the DoE study (See Chapter 5). Mould temperature and melt temperature were 
set to 10°C and 220°C respectively. An injection velocity of 18.4 mm s-1 was used. A 
packing pressure of 50 MPa was applied for 3 seconds. The mouldings produced were 
subject to tensile testing (as described in section 3.6). 
 
3.3.9 INJECTION MOULDING OF REPROCESSED PP AND PCR 
PP 
 
Sustainability enhancement is an aspect of critical importance to the packaging industry. 
There have been no previous reports on the use of reprocessed or recycled polymers to 
produce injection moulded caps containing thin-section hinge and tension band 
mechanisms. The use of reprocessed PP in injection moulding of hinges and tension 
bands was done as a first step, to gain some insight into how the mechanical properties 
of the part would be affected.  
Injection moulding investigations were conducted to determine the maximum/optimum 
amount (max %) of re-processed PP, which can be used with virgin material for injection 
moulding of caps with a hinge and tension band mechanism, without compromising on 
the mechanical and aesthetic properties of the moulded parts. Mould and melt 
temperatures were 20°C and 230°C respectively. An injection velocity of 16.8 mm s-1 
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was used and a packing pressure of 35 MPa was applied for 3 seconds. In-cavity data 
were recorded for all the mouldings. 
Based on the results obtained for the study on reprocessed PP, a similar study was 
carried out on post consumer recyclate (PCR-PP), to identify any possibility of using 
PCR in injection moulding hinges and tension bands. Injection moulding investigations 
were conducted to determine the effect of using PCR-PP, on the mouldability and 
mechanical properties of hinges and tension bands (PCR – refer to Chapter 7). 
The process settings used for the PCR study were the optimised process settings 
obtained from the DoE study conducted on PP-H. (See Chapter 5). Injection moulding 
was carried out using the optimised process setting obtained during the DoE study. 
Mould and melt temperatures were set to 10°C and 220°C respectively. An injection 
velocity of 18.4 mm s-1 was used. A packing pressure of 50 MPa was applied for 3 
seconds  
 
3.3.10 INJECTION MOULDING OF GREEN AND VIOLET 
COLOURED MOULDINGS 
 
Injection moulding investigations were carried out to compare the mechanical properties 
of coloured mouldings (hinge and tension band) to that of those moulded without 
colourants. A 2 factor DoE as mention in section 3.5.3 was carried out to produce 
mouldings using both green and violet colours. The two factors being investigated were 
injection velocity and melt temperature. From the 5 factor DoE study, it is evident that 
(see Chapter 5) injection velocity and melt temperature has more influence on the 
mechanical of injection moulded hinges and tension bands, compared to mould 
temperature, packing pressure and packing time. This is the reason why the effect of 
injection velocity and melt temperature were investigated in the 2 factor DoE. For all the 
different combinations of mouldings produced using the 2 factor DoE, a mould 
temperature of 20°C was used and packing pressure of 35 MPa was applied for 3 
seconds. The mid-range values of mould temperature (20°C), packing pressure (35 
MPa) and packing time (3s), used in the 5 factor DoE study of PP-H, were chosen for 
moulding samples using the 2 factor DoE. 
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3.4 ANALYTICAL TECHNIQUES - POLYMERS 
This section provides information about the analytical tests which were used in this 
project. 
3.4.1 MELT FLOW INDEX (ASTM D 1238, ISO 1133) 
The melt flow index (MFI) also called the melt flow rate (MFR) is a test that enables to 
measure the uniformity of flow rate of a material. This test is often used to distinguish 
between different grades of polymer. The apparatus consists of an orifice of specific 
length and diameter, a steel piston on which the required weight can be added, a 
heating element and a thermocouple. 
The polymer granules are added into the pre-heated cylinder and appropriate weights 
are added on the piston and the material is extruded for a certain time and the extrudate 
is weighed. The melt flow index is calculated in grams per 10 minutes. The factors 
affecting the test results are the pre-heat time, moisture, packing and volume of the 
sample [95]. 
Melt flow index tests were carried out on all the three PP grades and PCR compounds 
using the Tinius Olsen extrusion plastometer according to ISO 1133 standard test 
procedure. A load of 2.16 kg was used at 230°C. The sample (4 to 5 g) was charged 
into the cylinder and was pre-heated for 5 minutes. For each run, 3 extrudate cut offs of 
length ranging from 15 mm to 30 mm were cut and weighed. The average weight of the 
3 extrudate cut offs were calculated and data entered into the machine software to 
calculate the MFI. The sequence of steps was as follows: 
 
 The melt flow index equipment was switched on. 
 The barrel temperature was set to 230°C. 
 The barrel was cleaned using the cloth and the die was loaded . 
 The polymer pellets (5g) were weighed and loaded into the cylinder.  
 The pellets were compressed for a period of 1 minute to drive out any air. 
 The unloaded piston was inserted into the barrel. 
 After 5 minutes a standard weight of 2.16 kg was placed on the piston. 
 The extrudate was cut off at intervals to give a sample length of about 15 to 
30 mm. 
 The extrudates were weighed and the average weight was noted. 
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 Before each repeat, the piston, die and barrel were cleaned. 
 After the test was completed, the piston and die were removed and 
cleaned. 
 The barrel was also cleaned using the cleaning rod and cloth. 
 
       
Figure 3.40: Schematic of a melt flow index testing setup is shown on the left. The picture on the 
right is the melt flow index equipment used for this PhD study. 
 
3.4.2 DIFFERENTIAL SCANNING CALORIMETRY (ASTM D 
3418, ISO 11357-3) 
 
Differential scanning calorimetry (DSC) is one of the most widely used methods for the 
thermal analysis of polymers. A heat flux DSC contains a sampler holder disc which is 
heated by a common furnace. The disc contains an empty pan also called the reference 
and a pan containing the polymer sample. Only about 10 to 15 mgs of the sample is 
required for the test. Throughout the experiment, the temperature of both the pans are 
maintained the same. A constant energy rate is required to heat the sample. At the point 
of transitions the heating rate required by the sample changes, depending on whether 
the transition is endothermic or exothermic. Melting is an endothermic reaction and 
hence at the melting point the sample requires more heat to melt the crystals. 
Recrystallisation due to cooling is an exothermic reaction as energy is released and as 
a result at this transition the sample requires less heat. The difference in the amount of 
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heat provided to the pan containing the sample and the reference is the heat flow ∆H. A 
typical DSC thermogram shows heat flow ∆H measured as a function of temperature. 
DSC can be used to determine the melting profile, crystallinity, and curing profile of the 
polymer [90]. 
The melting and crystallisation behaviour of the three PP grades were studied using 
differential scanning calorimetry (DSC).  
The equipment used was a DSC 2010 thermal analyser, supplied by TA Instruments. A 
heat, cool and reheat cycle was used. In the first heating cycle, the sample was heated 
from room temperature to 200°C at a rate of 20°C/ min. It was held at this temperature 
for a period of 1 min and cooled down to room temperature at a rate of 20°C/min. Liquid 
nitrogen was used for cooling. Then the sample was subjected to a second heating 
cycle at the same heating rate up to 200°C. Figure 3.41 is the schematic of a DSC 
equipment. The reference pan and the sample pan are heated at the same rate and the 
difference in heat flow between the two pans, in order to maintain the two pans at the 
same temperature, is measured using this technique. 
 
Figure 3.41: Schematic diagram of a DSC 
The steps in the analysis were as follows: 
 The PC was switched on. 
 The nitrogen gas was supplied at an outlet pressure of 1bar. 
 The flow rate of nitrogen to the DSC chamber was set at 50 cm3 min-1 and 
the flow rate to the chiller was set at 130 cm3 min-1.  
 The heating/cooling rate of the sample was set as follows: 
o Heat at the rate of 20°C min-1, ramp up from 40°C to 200°C.  
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o The sample was held at 200° C for a period of 1 minute. 
o Cooling at the rate of 20°C min-1, ramp down from 200°C to 40°C. 
o  Heat at the rate of 20°C / min, ramp up from 40°C to 200°C. 
 The sample (10 to 15 mg) was weighed and placed in the pan and the pan 
was sealed with the lid. 
 The sample pan and the reference pan were placed inside the DSC cell 
and the lids were placed on top. 
 The test was started and the DSC thermograms were obtained. 
 The percentage of crystallinity in PP was calculated using the respective 
equations (Shown in APPENDIX section E1). 
3.4.3 GEL PERMEATION CHROMATOGRAPHY 
GPC is a special form of liquid chromatography in which the dissolved molecules in a 
polymer sample are fractionated in a porous packing matrix according to the size of the 
solvated polymer molecules in solution. Small molecules diffuse into the pores of the 
packing matrix more easily than larger molecules and are therefore retained longer. 
Thus a molecular size distribution is obtained from GPC experiments with the elution 
order exhibiting larger molecules first, smaller molecules last. The GPC column is filled 
with spherical beads of styrene divinyl benzene copolymer with micropores. These 
beads are referred to as gel beads. The column is filled with a solvent. The solvent 
occupying the volume in the pore acts as the stationary phase and the solvent 
occupying the void volume between the beads. acts as the mobile phase. In GPC the 
molecules separate on the basis of difference in the hydrodynamic volume of polymer 
molecules with varying molecular weight. A dilute solution of about 0.5% concentration 
by weight of the polymer in a suitable solvent is injected at the top of the column after 
which the column is eluted with a solvent. Initially, the stationary phase, i.e. the solvent 
inside the pores have no polymer whereas the solvent present in the void volume in 
between the beads contain a higher concentration of polymers. In order to equalise the 
concentration in both the phases, polymer molecules from the mobile phase starts to 
diffuse into the pores. However, not all the polymer molecules enter the pores. 
Molecules with hydrodynamic size bigger than the pore size are excluded and are 
eluted first down the column. [2] The molecules with lowest molecular weight diffuses 
very easily into the pores and are retained in the column for the maximum amount of 
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time. When the column is eluted with pure solvent, once the higher molecular weight 
fractions are removed, there is a difference in concentration of polymer between the 
stationary phase and the mobile phase. The mobile phase is devoid of polymer and 
hence to equalise the concentration, polymer molecules from the pores starts to diffuse 
into the mobile phase and thus exclude out of the column at last. 
 
GPC can be conducted at high temperatures, about 200ºC, (known as high temperature 
GPC), in order to dissolve crystalline polymers such as PP. The high temperature 
makes the polymer sample easily soluble in a solvent and also prevents the difficulty of 
high viscosity of fluid passing through the system [67]. A high temperature GPC 
analysis of all the three polypropylene grades used in the study, was carried out at 
Smithers RAPRA Technology Ltd, UK. Solutions of all samples were prepared by 
adding 15 ml of solvent (see Table 3.13) to 15mg of sample. Figure 3.42 shows a GPC 
column with beads packed in it. 
  
Figure 3.42: A GPC column packed with spherical glass beads. On the right hand side is a blown 
up figure of the column indicating the pore volumes and void volumes 
 
Table 3.13: Chromatographic conditions 
Instrument Polymer Laboratories GPC220  
Columns PL gel Olexis guard plus 2 x Olexis, 30 cm, 13 µm 
Solvent 1,2,4- trichlorobenzene with anti oxidant 
Flow rate (ml min-1) 1.0 
Temperature (ºC) 160 
Detector Refractive index 
109 
 
The samples were heated at 190ºC for 20 minutes whilst shaking. Then the solutions 
were cooled to 160ºC and filtered through a 1 µm glass fibre mesh and part of the 
filtered solution was transferred to glass sample vials. The vials were placed on an auto 
sampler where automatic injection of part of the contents of each vial was carried out 
[98].Data capture and handling was carried out suing Polymer Laboratories ‘Cirrus’ 
software. 
3.4.4 CAPILLARY RHEOLOGY (CAPILLARY RHEOMETRY 
ASTM D 3418, ISO 11357-3) 
 
A capillary rheometer measures the fluidity of polymer melts over a range of shear 
rates, temperatures and shear stresses which would be encountered during polymer 
processing. The rheometer generates results with the accuracy and reproducibility 
required for polymer characterisation tests. A twin bore capillary rheometer consist of 
two barrels which can be heated to the required test temperature and contains lateral 
bores for the incorporation of melt pressure transducers, two pistons and two capillary 
dies with different L/D ratios. The pistons are driven by a crosshead guided by two rods 
and driven by a screw attached to the top of the crosshead. 
The test pressure is measured by a melt pressure transducer located close to the die 
entrance and the position of the transducer in both the barrels should be maintained the 
same. Any difference between the positions of the pressure transducers in the barrels 
will cause a faulty measurement, in other words the comparison of pressure drops 
between the barrels would not be true, if the measurements are not made from the 
same point. Before the start of any test, the barrel, pistons and the capillary dies must 
be cleaned thoroughly, as any degraded material or foreign matter from the previous 
test can affect the test results [95, 96]. 
Rheological characterisation of all the three PP grades used in the main PhD study was 
conducted at Loughborough University. The data obtained for these PP grades were 
compared to the Moldflow characterised rheological data. Rheological properties under 
shear and extensional flow were investigated using RH-7 twin bore capillary rheometer. 
Twin barrels of diameter 15 mm and length 300 mm were used. Experiments were 
conducted at three different temperatures, 220, 240 and 260 °C. Two capillary dies 
were used. In the left barrel a die of length 16 mm and orifice diameter 1mm was used. 
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In the right barrel a ‘zero length die’ of orifice diameter 1 mm was used. Four stages as 
shown in Table 3.14 were set to bring the system to equilibrium before starting the test. 
 
Table 3.14: Compression and pre-heat stages used in rheological characterisation 
Stage Piston speed 
(mm/min) 
Pressure Left 
(MPa) 
Pressure Right 
(MPa) 
Heat time 
(min) 
Compression 1 50 0.5 0.5 - 
Pre-heat 1 0 - - 3 
Compression 2 50 0.5 0.5 - 
Pre-heat 2 0 - - 6 
 
 
Table 3.15: Shear rate cycle 
Shear rate (s-1) Piston speed (mm s-1) 
50 0.03 
100 0.06 
200 0.11 
300 0.16 
400 0.22 
500 0.28 
600 0.33 
800 0.45 
1000 0.56 
2000 1.11 
1000 0.56 
800 0.45 
600 0.33 
500 0.28 
400 0.22 
300 0.16 
200 0.11 
100 0.06 
50 0.03 
 
Table 3.15 shows the shear rate cycle that was set for testing the three PP grades, 
which was translated into downward piston speed variations, throughout the test cycle. 
For a flow of polymer through a capillary die, the apparent shear rate and shear stress 
is given by the following equations (3.1 and 3.2) respectively 
 
߬஺ୀ	ቀೃ೩ುಽమಽ ቁ           [3.1] 
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߬஺ = apparent shear stress at the wall (N m-2 or Pa) 
ઢPL = pressure drop through the long die (N m-2 or Pa) 
R = radius of the capillary die (mm) 
L = length of the capillary die (mm) 


 34R
Q
A             [3.2] 
ߛሶ஺ = apparent shear rate at the wall (s-1) 
Q = volume flow rate (m3 s-1) 
R = radius of the capillary die (mm) 
 
Equation 3.3 gives the apparent viscosity 
 
ߟ஺ ൌ 	 ቀఛಲఊሶ ಲቁ                    [3.3] 
The following assumptions are made for equation 3.1 and 3.2 
 No wall slip is encountered 
 The flow is isothermal and time-independent 
 The melt is incompressible 
 
 
Figure 3.43: Pressure drop along a capillary die for a viscous fluid 
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When a viscous fluid passes through the barrel of the rheometer into the capillary die, 
the melt encounters a change in pressure and also an acceleration, due to the reduced 
cross sectional area of the capillary die compared to the barrel. Figure 3.43 shows the 
nature of the pressure drop associated with flow along a capillary die for a viscous fluid. 
However, for polymer melts, due to their viscoelastic nature, the nature of the pressure 
drop associated with flow across a capillary die will look like the one shown in Figure 
3.44. At the point of entry of the melt into the die, the pressure drop is substantial and 
there is a small degree of non-linearity. Also, it can be seen that when the melt exits the 
die, the pressure does not fall to zero. 
 
Figure 3.44: Pressure drop along a capillary die for a viscoelastic fluid (Figure taken from 
‘Polymer Melt Rheology’ by F.N. Cogswell) 
 
The two main factors contributing to the pressure drop at the die entrance are: 
 The viscous dissipation of energy (as a result of viscous nature of the polymer 
melt, mechanical energy which is converted into heat energy and is 
irreversible).occurring due to the flow converging while entering the capillary die. 
The viscous dissipation of energy is attributed to the viscous behaviour of the 
polymers (loss modulus G’’) 
 Chain extension in the polymer melt leading to storage elastic energy which is 
attributed to the elastic behaviour of polymers (storage modulus G’) 
In a viscoelastic deformation, the ratio of the viscous and elastic portion of the 
deformation gives the loss factor or damping factor (tan δ) 
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(tan δ ) = ቀீᇲᇲீᇲ ቁ          [3.4] 
 
In order to determine the true pressure drop along the capillary die, the apparent shear 
stress has to be corrected using a method suggested by Edward B Bagley. This is 
called the Bagley correction. This method involves measurement of pressure drops at 
different shear rates using dies of same geometries but different lengths. For each 
shear rate under investigation, pressure drop is plotted against the length – to – radius 
ratio (L/R) (see Figure 3.45). Equation 3.5 shows the Bagley correction. 
 
 
Figure 3.45: Bagley correction plot 
 
߬௧௥௨௘ୀ	ቀ ೃ೩ುమሼಽశ೐ೃሽቁ           [3.5] 
߬௧௥௨௘ = true shear stress at the wall (N m-2 or Pa) 
ઢP = pressure drop through the capillary die (N m-2 or Pa) 
R = radius of the capillary die (mm) 
L = length of capillary die (mm) 
e = Bagley correction factor 
However, while using a twin bore capillary rheometer, the corrected (true) shear stress 
can be calculated using equation 3.6 
߬௧௥௨௘ୀ	൬ೃ൛೩ುಽష೩ುబሽమಽ ൰           [3.6] 
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߬௧௥௨௘ = true shear stress at the wall (N m-2 or Pa) 
ઢPL = pressure drop through the long die (N m-2 or Pa) 
ઢP0 = pressure drop through the ‘zero length’ die [die with L/R <1] (N m-2 or Pa) 
R = radius of the capillary die (mm) 
L = length of long die (mm) 
 
For a non-Newtonian fluid, theoretically the velocity profile in a capillary die (a plot of log 
viscosity against log shear rate) would be a parabola. However due to the shear 
thinning (pseudoplastic) nature of polymer melts, the actual velocity profile in the 
capillary die is more plug-like (see Figure 3.46). This can be accounted for by correcting 
the apparent shear rate using the following equation (3.7), which is the true shear rate. 
This correction is called the Rabinowitsch correction. 
 
 
Figure 3.46: Log viscosity v Log shear rate for a polymer melt flow through a capillary die. 
Rabinowitsch corrected and uncorrected data. (Figure taken from ‘Polymer Melt Rheology’ by F.N. 
Cogswell) 
 

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3        
  [3.7] 
ߛሶ௧௥௨௘ = true shear rate at the wall (s-1) 
Q = volume flow rate (m3 s-1) 
R = radius of the capillary die (mm) 
n = Power law index 
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3.4.5 DYNAMIC MECHANICAL ANALYSIS 
Dynamic mechanical analysis (DMA) was carried out to determine the glass transition 
temperature of the PP-grades used for this study. The DMA equipment (DMA Q800) 
consists of a probe which is mechanically connected to a force transducer and a 
position transducer, and the temperature controlled sample. The force applied to the 
samples is controlled by the force transducer and the resulting displacement is 
measured by the displacement transducer. Once mounted, the sample is surrounded by 
a chamber, whose temperature can be controlled or varied as necessary. In addition to 
the static forces applied, there is also an oscillatory force applied to the sample which 
makes it possible to measure the modulus. To start the experiment, the gas supply to 
the machine was turned on. The computer was switched on and the DMA wizard 
program was opened. Dual cantilever multi frequency mode was selected and a 
temperature range of -140°C to 50°C was selected. The rate of heating was set to 5°C 
min-1. The soak time (time taken for the sample to reach equilibrium) was set to 3 
minutes, and the single frequency option was selected. 
 
3.4.6 FOURIER TRANSFORM INFRARED SPRECTROSCOPY 
(FTIR) 
 
Fourier transform infrared spectroscopy (FTIR) is a material analysis technique used to 
determine the chemical composition of a material. FTIR generates an infrared spectrum, 
which contains absorption peaks corresponding to frequencies of vibrations between 
the bonds of the atoms making up the material. The analysis was conducted using a 
Mattson 3000 FTIR. Samples were prepared by placing PP-granules in between two 
glass slides, which were placed on a hot plate heated to 200°C. The thin films produced 
as a result were analysed in diffraction mode between 600 – 4000 cm-1, and at 64 scans 
per sample. IR radiation is passed through the sample and an infrared detector detects 
the intensity of transmitted radiation. The height of the absorption peak at 720 cm-1 
which is due to any copolymerised ethylene, is compared with that at 1167 cm-1 
(reference peak) to obtain an estimate of the ethylene content. (The absorbance may be 
considered linear with ethylene content; 7.5% ethylene gives an absorbance ratio of 
0.14.) [99,100]. 
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3.5 Design of Experiments (DOE) 
For the first and major investigation of process conditions on the three PP grades, a 5-
factor DoE was implemented to optimise the injection moulding process of all the three 
PP grades under investigation. The five factors being investigated were mould 
temperature (Tc) and melt temperature (Tm), injection velocity (Vi), packing pressure 
(PP) and packing time (tP). The statistical software used to carry out the DoE was 
Design Expert 8.0.4 provided by Stat Ease. Ultimate load and toughness were identified 
as the two important factors or outputs to be studied, in order to achieve the optimum 
processing conditions. In this research, the respective effects of the above mentioned 5 
factors on ultimate load and toughness of hinge and tension band sections, (for various 
sets of processing conditions) were evaluated using the 5 factorial design of 
experiments approach. A two-value design describes the phenomenon only at the level 
of a linear function. Hence, in order to obtain more accurate results, a central composite 
design (CCD) has been used in this study. The relationship between any given two 
factors may not always be linear. A CCD is represented by a quadratic model. This 
takes into account the non-linearity of a process. So to take into account the curvature, 
a CCD was used. Also, a CCD is a standard design used widely for fitting a quadratic 
model. There are three groups of design points (Factorial points, Star or Axial points 
and centre points) in a CCD. Figure 3.47 represents the model for a CCD with 2 factors.  
 
 
Figure 3.47: A central composite design for a 2 level factor experiment 
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The star points represent the highest and lowest values of the factors’ ranges used in 
the experiment. The star points are coded using the combination of any two of the 
following (0,+α,-α). At the star points all but one factor are set to zero. At the centre 
points, the factors are set to the centre value of their ranges (midpoint of each factor 
range). They are coded using (0,0). Centre points are repeated about 5 to 6 times in a 
CCD. These account for the experimental error. The factorial points are those which lie 
in between the star points. They are coded and represented by all possible 
combinations of +1 and -1. 
 
A total of 32 process conditions were studied in order to optimise the process. 
Mouldings were produced using 27 different process conditions plus 5 centre points 
(repeating conditions). These mouldings were then subjected to tensile testing in order 
to determine the ultimate load and toughness. This procedure had to be repeated for all 
the 3 PP grades under investigation. 
 
For the 5 factor DoE the following steps were conducted to set up the software: 
 The software was opened by double clicking the ‘Design Expert’ icon on the 
desktop or ‘start menu’ 
 ‘New Design’ option was clicked 
 From the menu on the left hand side, ‘Response Surface’ was selected and 
‘Central Composite’ design was selected 
 For a 5 factor DoE, the ‘Numeric Factors’ value was set to 5. For a 2 factor DoE 
this value was set to 2 
 The factors were named and their ranges (low and high values) were entered 
(see Figure 3.48) 
 The model type was selected to ½ fraction (For experiments containing 5 factors 
and more, a ½ fraction is used, in order to reduce the number of experiments. 
For a full fraction model the total number of experiments are 50. For a half 
fraction model, the total number of experiments are 32) 
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Figure 3.48: Model setup and parameters for the 5 factor DoE 
 
 The continue button was clicked  
 The number of responses were entered as 2 and the ‘continue’ button was 
clicked to generate the experimental model  
 
A 2 factor DoE was carried out to optimise injection mouldings of coloured PP and a 3 
factor DoE was implemented for industrial process verification (injection moulding line 
trials) (see section3.8). 
3.5.1 DoE SETUP:1 - RANDOM COPOLYMER (PP–RC) 
The five factors investigated in the DoE were mould and melt temperatures, injection 
velocity, packing pressure and packing time. Different trials were conducted on the 
injection moulding machine in order to obtain a processing window for the PP-RC. 
Compared to the other 2 grades of PP used in the project, this grade was more difficult 
to control while processing, because of it’s low viscosity. Hence, some detailed 
experiments were conducted to determine the widest processing window that could be 
used. 
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To identify realistic ranges of factors for the DoE, mouldings were produced using a 
combination of processing conditions. Melt temperature was varied from 210°C to 
240°C and the injection velocities from 18.4 mm s-1 to 25.6 mm s-1. Packing pressure 
range of 36 – 54 MPa was used. For all different combinations, mould temperature and 
packing time were held constant at 30°C and 3 s respectively. Visual inspection of the 
mouldings were carried out and the extent of fill (filled {OK}, short shot {SS} and flashing 
{F}) for the mouldings were recorded for each of the process combination. Based on the 
results from this experiment (see Table 3.16,Table 3.17 Table 3.18)and the ranges for 
the factors used in DoE were selected (see Table 3.19). 
 
Table 3.16: Injection moulding of PP - RC at 210°C melt temperature 
 
 
Table 3.17: Injection moulding of PP - RC at 220°C melt temperature 
 
Table 3.18: Injection moulding of PP - RC at 240°C melt temperature 
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A 5 factor DoE with the following combinations shown in Table 3.19 was used to 
process the random copolymer. 
 
Table 3.19: DoE set up for processing PP-RC 
CODE 
Factor 1 
Mould temp 
(°C) 
Factor 2 
Melt temp 
(°C) 
Factor 3 
Injection 
velocity 
(%) 
Factor 4 
Packing 
pressure 
(MPa) 
Factor 5 
Packing time 
(s) 
1 20 210 26 49 3 
2 10 220 28 38 2 
3 10 220 24 38 4 
4 10 220 24 60 2 
5 10 220 28 60 4 
6 30 220 24 38 2 
7 30 220 24 60 4 
8 30 220 28 60 2 
9 30 220 28 38 4 
10 5 235 26 49 3 
11 20 235 26 71 3 
12 20 235 30 49 3 
13 20 235 26 49 1 
14 20 235 26 49 3 
15 20 235 26 49 3 
16 20 235 26 49 3 
17 20 235 26 49 3 
18 20 235 26 49 3 
19 20 235 26 49 3 
20 20 235 26 49 5 
21 20 235 26 27 3 
22 20 235 22 49 3 
23 40 235 26 49 3 
24 10 250 24 38 2 
25 10 250 28 60 2 
26 10 250 24 60 4 
27 10 250 28 38 4 
28 30 250 24 60 2 
29 30 250 28 38 2 
30 30 250 28 60 4 
31 30 250 24 38 4 
32 20 260 26 49 3 
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3.5.2 DoE SETUP:2 - INJECTION MOULDING OF 
HOMOPOLYMER AND IMPACT COPOLYMER (PP–H and PP-IC) 
 
Table 3.20: DoE set up for processing PP-H and PP-IC 
CODE Factor 1 
Mould temp 
(°C) 
Factor 2 
Melt temp 
(°C) 
Factor 3 
Injection 
velocity 
(%) 
Factor 4 
Packing 
pressure 
(MPa) 
Factor 5 
Packing time 
(s) 
1 20 210 21 49 3 
2 10 220 19 20 4 
3 30 220 19 20 2 
4 10 220 23 20 2 
5 30 220 23 20 4 
6 10 220 19 50 2 
7 30 220 10 50 4 
8 10 220 23 50 4 
9 30 220 23 50 2 
10 20 230 21 5 3 
11 20 230 17 35 3 
12 5 230 21 35 3 
13 20 230 21 35 1 
14 20 230 21 35 3 
15 20 230 21 35 3 
16 20 230 21 35 3 
17 20 230 21 35 3 
18 20 230 21 35 3 
19 20 230 21 35 3 
20 20 230 21 35 5 
21 40 230 21 35 3 
22 20 230 25 35 3 
23 20 230 21 65 3 
24 10 240 19 20 2 
25 30 240 19 20 4 
26 10 240 23 20 4 
27 30 240 23 20 2 
28 10 240 19 50 4 
29 30 240 19 50 2 
30 10 240 23 50 2 
31 30 240 23 50 4 
32 20 250 21 35 3 
 
After conducting some preliminary injection moulding on PP-H and PP-IC (similar to the 
one described in section 3.5.1), processing windows for these resins were determined. 
Since these two PP grades had a similar MFI and similar rheological properties, their 
processing windows were also very similar. Table 3.20 shows the different combinations 
of factors (5 factor DoE) used to process these two PP grades. 
122 
 
3.5.3 DoE SETUP:3 INJECTION MOULDING OF GREEN AND 
VIOLET COLOUR HINGES AND TENSION BANDS 
 
A 2 factor DoE (see Table 3.21) was used to process PP-H(G) [green] and PP-H(V) 
[violet]. The ranges of the two factors being investigated (injection velocity and melt 
temperature) were determined such that these were similar to the ranges of these 
factors investigated in the 5 factor DoE. There were totally 13 different process 
conditions including 5 centre points. 
Table 3.21: DoE setup for PP-H(G) and PP-H(V) 
Run Melt temperature 
(°C) 
Injection velocity 
(%) 
1 230 22 
2 230 22 
3 215 19 
4 245 24 
5 245 19 
6 230 25 
7 210 22 
8 250 22 
9 230 18 
10 230 22 
11 230 22 
12 230 22 
13 215 24 
 
3.6 TENSILE TESTING OF HINGES AND TENSION BANDS 
The ability of a material to withstand forces in tension is called the tensile strength of 
that particular material. Tensile elongation at yield and break gives an indication of 
toughness and tensile modulus gives an indication of the stiffness of a material. Tensile 
elongation is the extent to which the material stretches before breaking. These data 
obtained during a tensile test is used to select a plastic from a wide range of plastics. A 
universal tensile testing machine or the tensometer is the equipment used to conduct 
tensile test. It has two jaws, one fixed to a fixed member and the other fixed to a 
movable member. A load cell is attached to the moving member and an extensometer 
can be used to determine the distance between two designated points located within the 
gauge length of the test specimen when it is stretched. The tensile test sample is held in 
between the two grips and is pulled at a constant rate until the sample breaks or 
reaches a particular percentage of extension. The microprocessor controls in the 
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machine produce a graph of load vs extension. Stress, strain, modulus, are calculated 
and presented on a visual display. Factors affecting test results are processing method 
used to prepare the sample and the sample size. Tensile strength of a material 
measured in the direction of orientation is generally greater than that measured in the 
transverse direction. The gate location can also affects the tensile strength of samples, 
due to difference in orientation produced by different gate locations [95]. 
Tensile testing of the injection moulded hinge and tension band samples were carried 
out on a Lloyd LR-50K Universal tensile testing machine (UTM). A cross-head speed of 
100 mm/s was used to test the samples at room temperature (calculations shown in 
APPENDIX section F1). This value for crosshead speed was chosen to achieve a strain 
rate close to what would be achieved in reality when a consumer opened a bottle cap 
with a hinge type mechanism. The same set up was used throughout the project for 
conducting tensile tests. Load and extension, data were recorded for each test 
conducted and where appropriate, converted into stress and strain (see Figure 3.49). A 
total of 5 samples per condition were tested, and the results are reported as an average 
of five samples. Tensile testing of samples moulded using all the different DoE 
combinations, PP-RE, PP-PCR mouldings, PPCN’s and mouldings made from PP 
containing colour masterbatches, were all carried out using the same settings. Figure 
3.50 below shows the jaw used for testing the mouldings made from the instrumented 
moulds. 
 
Figure 3.49: An example load and extension data output 
 
FMAX = Ultimate load (N) 
U = (Area under the curve) Toughness (Nm) (see APPENDIX section F1). 
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Figure 3.50: Jaws used for tensile testing instrumented hinge and tension band mouldings 
The actual closures were also tested using the same test conditions as mentioned 
above, but using a different jaw. Figure 3.51 shows the jaw type used to test the actual 
closure contacting the hinge and tension band section. 
 
Figure 3.51: Jaws used for tensile testing of closures 
 
3.7 CHARACTERISATION OF MOULDED COMPONENTS 
X-ray diffraction (XRD) and transmission electron microscopy (TEM) techniques were 
used to characterise the PPNC’s. Optical microscopy was used to study the flow 
induced morphology of the hinges and tension bands and DSC was used to investigate 
structural features of the moulded parts. 
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3.7.1 X-ray diffraction (XRD) characterisation of PPNC’s 
XRD was performed using a Bruker D2 Phaser diffractrometer with Cu- Kα X-ray beam. 
X-rays are produced by deceleration of electrons by a target. Electrons accelerated by a 
40 kV potential are impacted on to a target. This results in the emission of 
electromagnetic radiation of different wavelengths and intensities (Kα and Kβ). Kα is of 
higher intensity and nearly monochromatic, was used as radiation for XRD analysis. 
The wavelength of the X-ray beam was 0.15418 nm. Bragg’s equation, shown below 
was used to measure the spacing between the clay platelets dispersed in the PPNC’s. 
XRD scans of samples cut from the bulk of the injection moulded hinge and tension 
band mouldings were obtained, by scanning over a 2θ range of 1° - 10°.Samples 
moulded using all the formulations were subject to X-ray analysis. The pure nano-clay 
(Cloisite 15A) was also subject to XRD analysis and was used as the reference 
material. 
2d Sinθ = nλ        [3.8] 
d = crystal lattice spacing (spacing between gallaries within individual clay particles) 
θ = angle between the incident radiation and scattering plane 
n = order of reflection 
λ = wavelength of X-rays 
3.7.2 TEM OF PPCN’s 
Transmission electron microscopic (TEM) analysis was carried out to determine the 
dispersion and distribution of the nanoclay in the PP matrix. From the mouldings, 
sections were cut from the hinge, tension band and from region away from the 
hinge/tension band (i.e. bulk of the moulding). These sections were then shaped using a 
surgeon’s knife so as to produce a pointed edge and were then placed in a plastic 
sample holder and filled with epoxy resin. The epoxy was cured in the oven at 60°C for 
a period of 24 hours. After this, thin sections in the range of 100 – 300 nm, were cut with 
an ultra microtome using a diamond knife. Sections were then placed on tiny copper 
grids and were observed under TEM (JEOL JEM-2000FX).The TEM was operated at 
100kV accelerated voltage. TEM analysis was carried out on samples cut from hinge, 
tension band and bulk section of the mouldings (see Figure 3.52). Samples moulded 
from the formulations (0E 2C) and (1.5E 2C) were analysed by TEM. Images were 
captured at 25,000 ; 50,000 ; 100,000 ; 200,000 and 400,000 magnifications. 
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3.7.3 OPTICAL MICROSCOPY 
A series of injection moulded samples were examined in selected areas using a high 
powered optical microscope, in order to study the flow of the polymer and understand 
the subsequent microstructure developed during the injection moulding process. PP-H, 
PP-IC and PP-RC moulded samples were examined.  
Each of the above was observed and photographed after being processed using 
optimum processing conditions. Also test pieces of PP-H were observed and 
photographed after being moulded using both high and low injection velocities (20 mm 
s-1 and 13.6 mm s-1 respectively) and also at both high and low melt temperature 
(250C and 210C respectively). Granules of the two copolymers were also observed 
and photographed to see if any distinct phases were visible. 
The injection moulded samples were cut to give cross-sections across the hinge, across 
the tension band and in the bulk of the sample at approximately 2cm from the injection 
gate, on the tension band sample, perpendicular to the flow front, in the direction of the 
flow. 
The samples were cut to expose the required area, mounted in ice and microtomed 
using glass knives to produce thin (10m thickness) cross-sections, which were 
mounted in Euparal between a slide and a cover-slip in the usual manner. The images 
were recorded, using a digital camera and associated software, mounted on a Leica RX 
microscope.  
The samples were viewed, and images recorded, using either polarised light (XP) or 
phase contrast (PC). Using polarised light the crystalline micro-structure of the polymer 
can be seen, whilst the phase contrast enhancement technique allows the observer to 
view different phase components within a sample, by showing the differences in 
refractive indices of those components. The random copolymer sample was viewed in 
phase contrast, but the texture was too fine to be seen, and so was not recorded for the 
injection moulded samples. Some images were recorded from the granule of this 
sample to give an indication of the fineness of this texture. Phase contrast images were 
recorded of the PP-IC optimum process condition sample.  
Optical microscopy provides an indication of crystalline microstructure and molecular 
orientation in injection moulded polymer components. This technique relies on the 
specimen being optically anisotropic, (a semi-crystalline structure which has more than 
one refractive index). The velocity of the light passing through the material depends on 
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the vibration directions as it passes through the semi-crystalline material. The difference 
between the two refractive indices is called birefringence or double refraction. Injection 
moulding of polymers induces some degree of molecular orientation, which in normally 
caused by high shear stresses encountered during flow and rapid cooling. As a result 
the phenomenon of birefringence can be observed in polymer melts during flow (shear 
and elongation) or in solid polymers if the orientation has frozen in. Birefringence gives 
information on molecular orientation and stresses within polymers and is often assumed 
to be directly related to orientation. Compared to conventional injection moulded 
components, the degree of molecular orientation in thin wall injection moulded 
components is expected to be higher, because of the higher shear stress encountered. 
When viewed between crossed polars, it is possible to see the crystalline texture of a 
polymer and how it changes along the cross section of the moulding. In the case of 
hinges and tension bands, the micrographs reveal a highly oriented skin (indicated by a 
bright birefringent layer close to the surfaces) and an isotropic core is visible, consisting 
of spherulites whose size depends upon cooling conditions, nucleation effects etc.    
3.7.4 Differential Scanning Calorimetry – Moulded samples 
DSC measurements were also done on the injection moulded samples (Procedure as 
mentioned in Section 3.4.2).  
 
Figure 3.52: Hinge, tension band and bulk sections samples used for DSC and TEM 
measurements 
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Samples were cut from the hinge section, tension band section and the bulk section (a 
part of the moulding which is away from the hinge and tension band section). These 
measurements were done on PP-H and PCR-100 mouldings.  
3.8 SCALE-UP AND INDUSTRIAL VALIDATION 
After conducting a 5 factor DoE study on the injection moulding of hinges and tension 
bands using the instrumented tool (section 3.5.1), it was decided to validate these 
findings by conducting a 3 factor DoE on an industrial mould tool producing the actual 
closures for commercial use. The moulding was conducted at Weener Plastics 
Packaging group, Germany (one of Unilever’s suppliers). Injection velocity, melt 
temperature and cooling time were the factors under investigation, on agreement with 
the project sponsor (Unilever) (see Table 3.22). Since the time available on the 
moulding machine was too limited, a 5 factor DoE experiment could not be conducted. 
Injection moulded samples were produced with 20 different combination of these three 
factors. These ranges of factors were selected based on a previous moulding trial 
carried at Weener Plastics Packaging Group in Germany. A 60T injection moulding 
machine was used to mould the closures. Closures were produced using PP-H. 
Table 3.22: 3 factor DoE setup for injection moulding trial for industrial verification 
Run Factor 1 
Injection velocity 
(mm s-1) 
Factor 2 
Melt temp 
(°C) 
Factor 3 
Cooling time 
(s) 
1 30 237 4.5 
2 30 203 4.5 
3 30 220 4.5 
4 20 210 4 
5 40 210 5 
6 13 220 4.5 
7 20 230 5 
8 30 220 4.5 
9 40 210 4 
10 20 230 4 
11 30 220 4.5 
12 30 220 4.5 
13 30 220 4.5 
14 20 210 5 
15 40 230 4 
16 30 220 4.5 
17 30 220 5.3 
18 30 220 3.6 
19 40 230 5 
20 47 220 4.5 
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Figure 3.53: Cap mould tool cavity 
 
 
Figure 3.54: Cap mould tool core 
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Figure 3.55: Cap moulding 
 
Figure Figure 3.53 and Figure 3.54 show the mould core and cavity used to mould the 
closures used in this study. Tensile testing was carried out as mentioned in Section 3.6 
using the jaw shown in Figure 3.51 
Maximum load (FMAX) and area under the curve (toughness) were the two parameters 
selected to characterise the mechanical performance of the hinge and tension bands. In 
the case of hinges, the important performance characteristic is fatigue resistance. 
However, measurement of fatigue resistance was not feasible because of long time 
scales on existing equipment. Since toughness (energy absorption) is directly related to 
durability of the hinge, this property was measured. In the case of tension bands, the 
important parameters for improved service performance are strength, stiffness and 
elasticity. FMAX gives a direct indication of the strength relative to the dimensions of the 
hinge and tension band section.  
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4. RESULTS AND DISCUSSION ANALYTICAL 
TECHNIQUES-POLYMERS 
 
In this section, results obtained from the analytical testing (MFI, DSC, GPC and capillary 
rheometry) conducted on the PP polymers are discussed. HP501L (PP-H) is an 
injection moulding grade homopolymer used for moulding caps and closures and 
exhibits good stiffness and impact balance at ambient temperature. EP445L (PP-IC) is a 
heterophasic copolymer containing slip and anti-static agents. It is also an injection 
moulding grade used for moulding beverage closures exhibiting good stiffness and 
impact strength.P5M4K-046 (PP-RC) is a random copolymer. It is an injection moulding 
grade typically used for moulding high clarity caps and closures. More details on these 
raw materials were provided in Section 3.1.1 and material datasheets are included in 
Appendix Section A. 
4.1 MELT FLOW INDEX (ASTM D 1238, ISO 1133) 
Melt flow index tests on the 3 different PP grades were carried out as detailed in section 
3.4.1.  
Table 4.1: MFI test results of the three PP grades under investigation 
Supplier Lyondell Basell Lyondell Basell Flint Hills Resources 
PP type Homopolymer Impact Copolymer Random copolymer 
Material code PP-H PP-IC PP-RC 
Melt density (kg m-3) 720 724 717 
Melt flow rate (g 10 min-1) 
[230° C/ 2.16 kg]              
(ISO 1133) 
6.84 (0.6) 6.63 (0.3) 11.5 (0.8) 
Melt flow rate ‘supplier 
stated’ (g 10 min-1)  
6.0  
(ISO 1133) 
6.0  
(ISO 1133) 
10.0  
(ASTM) D1238 
 
The various properties measured are shown in Table 4.1. Three different 
measurements were taken; average and standard deviation are recorded. 
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The MFI of a polymer is inversely related to the average molecular weight. The 
experimental/ measured MFI values shown in Table 4.1 and, Figure 4.1 are comparable 
with the supplier’s specified values, (also shown in APPENDIX section A1, A2 and A3). 
 
Figure 4.1: Flow rate (g 10min-1) of different PP grades – test temperature 230ºC, mass 2.16 kg 
 
From Table 4.1 it is also seen that PP-H and PP-IC have similar MFI values indicating 
that they probably have molecular weights in a similar range, (see also GPC data – in 
section 4.3). PP-RC has a higher MFI value compared to the other two grades 
indicating that the molecular weight of PP-RC may be lower than that of the other 
grades. 
This may be explained as follows: 
During flow, polymer chains of short chain length slide past each other easily and give 
less resistance to flow, hence giving high MFI values. However, a polymer with higher 
molecular weight having longer chains and the chain entanglements per given volume is 
higher, (i.e. higher viscosity) providing greater resistance to flow and hence have lower 
MFI values [3].  
 
4.2 DIFFERENTIAL SCANNING CALORIMETRY (ASTM D 3418, 
ISO 11357-3) 
 
DSC experiments, as described in section 3.4.2 were performed to determine the 
melting and recrystallisation temperatures of the different PP grades. Melting of the 
crystalline phase requires more heat input (heat energy is absorbed by the polymer), 
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and is associated with the latent heat effect; therefore we refer to a melting endotherm. 
Crystallisation on cooling has the opposite effect where heat is given off and therefore 
we refer to a crystallisation exotherm. During cooling and crystallisation, heat is given 
off and hence the exothermic peak in a DSC thermogram corresponds to the 
crystallisation temperature of the polymer.  
Figure 4.2 and Figure 4.3 shows a typical DSC trace (heat – cool – reheat cycle) for PP-
H. All the DSC traces for the three PP grades and sample calculation for calculating 
crystallinity percentage are shown in Appendix Section E. In a heat-cool-reheat 
experiment in DSC, the data from the first heat cycle is a function of the material and 
usually associated with an ‘unknown’ thermal history. During the cooling stage 
information of the crystallisation behaviour of the material is obtained with a known 
thermal history. The data obtained during the second heat stage is a function of the 
material with a known thermal history. Table 4.2 summarises the averaged data 
obtained from the DSC experiments. The advantage of doing a heat-cool-reheat 
experiment is that, it not only reveals any difference in the polymer types being 
compared, but also any differences in their thermal histories (for example during 
compounding after polymerisation). The area under the melting endotherm gives the 
enthalpy of fusion (ઢHm). The temperature at the temperature corresponding to the 
lowest point of the melting endotherm is considered to be the polymers melting 
temperature (Tm). The area of the exothermic peak generated during cooling, gives the 
enthalpy of crystallisation (ઢHc) and the temperature corresponding to the highest point 
on the exothermic peak is taken as the crystallisation temperature of the polymer (Tc). 
 
Table 4.2: Thermal properties of the PP grades under study 
  Tm 
(°C) 
∆Hm 
(J/g) 
Cm 
(%) 
Tc 
(°C) 
T c-onset 
(°C) 
∆Hc 
(J/g) 
Cc 
(%) 
PP-H         
 H1 172 85 41     
 C    109 114 98 48 
 H2 170 98 48     
PP-IC         
 H1 170 78 38     
 C    115 123 96 47 
 H2 168 96 47     
PP-RC         
 H1 153 78 38     
 C    112 119 77 37 
 H2 153 77 37     
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Figure 4.2: DSC trace of PP-H (1st heat and 1st cool cycle) 
 
 
Figure 4.3: DSC trace of PP-H (2nd heat cycle) 
 
PP-RC is a random copolymer and has a melting point of 153°C which is lower than the 
other two polypropylene types. PP-H is a homopolymer and PP-IC is impact copolymers 
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and has crystalline melting points of 170°C and 168°C respectively. Random 
copolymers normally have lower crystallinity and hence a lower melting point compared 
to the homopolymer. Also the MFI results suggest that the PP-RC grade has slightly 
better flow properties, implying lower average molecular weight with molecules of 
shorter chain lengths, thus melting at a lower temperature. The GPC data presented in 
section 4.3 confirms this statement. The crystallisation temperature of PP-IC (impact 
copolymer) is the highest compared to the other two grades. 
The reason for this comparatively higher value in the crystallisation temperature is the 
fact that this grade contains nucleating agents, (evident from suppliers material 
specification sheet, see the APPENDIX section A2). Nucleating agents helps to 
decrease moulding cycle times while enhancing the optical and physical properties of 
the mouldings, by reducing the size of the spherulites. Nucleating agents increase the 
number of sites available for nucleation, and therefore for a given cooling condition, the 
nucleation density increases and as a result, much smaller sized spherulites are formed 
compared to a system without nucleating agent. As the spherulites are finer, there is a 
potentially more uniform microstructure and thus the physical properties are likely to be 
enhanced. During cooling, the nucleators crystallise before the polymer, but the new 
crystals will heterogeneously cause the polymer to crystallise as well, above the 
polymer’s intrinsic crystallisation temperature. Thus the presence of nucleating agents 
increases the crystallisation temperature of the polymer during the cooling stage [2, 
20,101].  
4.3 GEL PERMEATION CHROMOTOGRAPHY 
Table 4.3 and Figure 4.4 and Figure 4.5 show the results obtained by GPC conducted 
at Smithers Rapra Technology Limited, Shrewsbury. Figure 4.4 shows overlays of the 
computed molecular weight distributions for single runs of each polypropylene type 
studied. The y axis is a function of weight fraction. These results have been calculated 
using the responses from the refractive index detector, which is a function of 
concentration and intrinsic viscosity, which in turn is a function of molecular weight. 
Figure 4.5 is a comparison of differential pressure chromatograms for single runs of 
each sample. These are plots of retention time vs detector response. High molecular 
weight materials elute out first and thus have a lower retention time. For a particular 
concentration, higher molecular weight is characterised by trace starting at earlier 
retention time and increased peak size. 
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Table 4.3: Weight average (MW) and number average (Mn) molecular weights of PP grades obtained 
from GPC 
PP Type Mw                       (g mol-1) 
Mn                       
(g mol-1) 
Polydispersity 
(Mw/Mn) 
PP-H (sample A) 290,000 59,700 4.9 
PP-IC (sample B) 274,000 65,800 4.2 
PP-RC (sample C) 237,000 44,700 5.3 
 
From the results shown above and the chromatograms it can be seen that all the 
samples have generally similar molecular weight distribution curves. The random 
copolymer PP-RC (sample C), is of lower molecular weight compared to the 
homopolymer PP-H (sample A) and the impact copolymer PP-IC (sample B). The 
homopolymer appears to contain some polymer of slightly higher molecular weight than 
the impact copolymer.  
 
 
Figure 4.4: Molecular weight distribution curve obtained from GPC analysis (A: PP-H, B: PP-IC, C: 
PP-RC) (GPC curves courtesy of Smithers Rapra Ltd) 
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Figure 4.5: Differential pressure chromatograms showing molecular weight distribution of 
different PP samples (GPC curves courtesy of Smithers Rapra Ltd) 
 
Since GPC is a function of solvated size rather than the actual molecular weight, 
variations in chemical compositions or chemical structures such as chain branching can 
affect the measured molecular weight. This is because chemical structure and 
composition influence the solvation which in turn influences the molecular weight 
measurement [98]. Overall, the three PP grades have similar weight average molecular 
weight (MW), number average molecular weight (Mn) and molecular weight distribution 
(MWD). This suggests that the differences in behaviour (crystallinity, viscosity, 
mechanical properties) of the three PP grades is not expected to be attributed to 
molecular weight effects. 
 
The melt flow index and weight average molecular weight can be correlated using the 
Bremner/Rudin empirical model [136-137] showed in equation 4.1. For polypropylene 
the relationship between melt flow index and weight average molecular weight is given 
by the following equation 
ଵ
ெிூ ൌ 	ܩሺܯௐሻ௫           [4.1] 
 
Where G = Bremner/Rudin constant and  
x = Bremner/Rudin exponent,  
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For polypropylene x = 3.7 and G = 1x10-21 
 
From the GPC data, we know the values for MW for all the three PP grades. 
MW (PP-H) = 290,000 
MW (PP-IC) = 274,000 
MW (PP-RC) = 237,000  
Using equation 4.1, MFI values calculated are as follows: 
MFI (PP-H) = 6.2 
MFI (PP-IC) = 7.6 
MFI (PP-RC) = 13 
This justifies the MFI differences in Figure 4.1  
4.4 RHEOLOGY 
Rheological experiments as described in section 3.4.4 have been conducted, for all the 
3 PP grades at three different melt temperatures (220°C, 240°C and 260°C). 
 
 
Figure 4.6: Variation of shear viscosity with shear rate at 220°C 
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Figure 4.7: Variation of shear viscosity with shear rate at 240°C 
 
Figure 4.8: Variation of shear viscosity with shear rate at 260°C 
 
Comparison of Figure 4.6 Figure 4.7 and Figure 4.8show that the homopolymer and 
impact copolymer have similar flow properties, at all the three test temperatures. The 
random copolymer on the other hand, has slightly different flow properties compared to 
the other two grades. It is also evident from these figures, that the viscosity of the 
random copolymer is lower than that of the homopolymer and impact copolymer. 
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Figure 4.9: Comparison of flow properties of the PP-H (PP homopolymer grade), characterised by 
Moldflow and at Loughborough University 
 
 
Figure 4.10: Comparison of flow properties of the PP-IC (PP impact copolymer grade), 
characterised by Moldflow and at Loughborough University 
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Figure 4.11: Comparison of flow properties of the PP-IC (PP impact copolymer grade), 
characterised by Moldflow and at Loughborough University 
 
A comparison of the flow curves generated during this study, in Loughborough 
University and those generated by Moldflow at the same temperatures, indicate a good 
match. This gives confidence in the rheological measurement capabilities used for the 
project. This is evident from Figure 4.9 Figure 4.10 and Figure 4.11. 
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5. RESULTS AND DISCUSSION INJECTION 
MOULDING 
 
In the following sections, results obtained from the various injection moulding 
experiments are discussed. Sections 5.1 to 5.6 give details of the preliminary work to 
verify the reliability of the injection moulding machine (NB-62) and accuracy of the 
software Autodesk Moldflow Insight (AMI). The results from the main research is 
presented and discussed from Section 5.7. 
In 5.1 some results predicted by Moldflow are compared with the results obtained from 
the actual injection moulding process. The objective of this was to check the accuracy of 
the Moldflow software (AMI), by visually comparing the extent of fill obtained from 
simulation with that of actual mouldings, for various injection strokes (mm). In 5.2 a 
comparison of AMI results obtained from dual domain (2D) and 3D mesh were 
compared. This was done to identify the most suitable mesh to be used for simulating 
injection moulding of hinges and tension bands.  
Also, some results pertaining to the verification checks carried out on the injection 
moulding machine (NB-62) are presented in this section. In section 5.3 results obtained 
from the performance checks on the NB-62 are presented. These tests were conducted 
to assess the reliability of the machine. Section 5.4 gives a general overview of the in-
cavity data acquisition system. Section 5.5 and 5.6 discusses the effect of total injection 
stroke and cushion size (varying V/P switch over positions) on in-cavity pressure.  
Section 5.7 is a comparison of in-cavity pressure data from the instrumented mould with 
that of AMI. This is different from section 5.1, where the comparison was just visual. 
Section 5.8 discusses the sensor pre-load test which was conducted to identify if the 
sensors were pre-loaded (i.e. sensor registers pressure while opening and closing the 
mould). If this happens, then the position of the sensors should be slightly adjusted, so 
that they don’t register any force during mould opening and closing. Section 5.9 
discussed the modifications done to trigger the pressure measurement system. Section 
5.10 and 5.11 discusses the DoE optimisation procedures for optimising the injection 
moulding of hinges and tension bands. Optimisation of the moulding process for three 
different PP grades (PP-H, PP-IC and PP-RC) is discussed here. 
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5.1 EXTENT OF FILLING - A VISUAL COMPARISON BETWEEN 
MOLDFLOW SIMULATION AND PRACTICAL INJECTION 
MOULDING FOR VARYING SHOT SIZES 
 
As mentioned in section 3.2.1, results achieved from Autodesk Moldflow Insight (AMI) 
simulation were compared visually to the actual mouldings produced under the same 
process settings. The extent of fill achieved in both simulation and real time processes 
were compared visually. 
 
 
Figure 5.1: A screen shot of extent of fill for various strokes (mm) simulated by AMI 
 
 
Figure 5.2: Photograph of actual mouldings showing the extent of fill for various stroke (mm) 
 
Figure 5.1 shows the filling patterns obtained from Moldflow for various strokes: 14 - 26 
mm (increments of 2mm). Figure 5.2 shows the filling pattern observed in the actual 
moulding process for the same range of machine strokes. A visual comparison of 
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screen shots of results obtained from Moldflow with the photographs of mouldings 
processed at the same process settings show a very good match indicating that 
Moldflow predicts the extent of filling of the part quite accurately, giving confidence 
about the reliability of the machine and the accuracy of the software and the CAD model 
used. Also, another observation from these figures is that the hinge section (part to the 
right of the runner system) fills quicker than the tension band (part to the left of the 
runner system). This suggest that the polymer melt flowing through the tension band 
section encounters a higher degree of hesitation compared to the hinge section. 
 
5.2 MOLDFLOW INSIGHT MESH – 3D OR DUAL DOMAIN? 
This study was carried out to check the best suitable mesh that can be used for 
simulating injection moulding of hinges and tension bands. Meshing is very important in 
case of the hinge and tensionband mouldings, as the geometry is thin walled, where the 
part thickenss is about 1mm on the bulk region. The thickenss of the tension band 
sections is about 0.5 mm, and the thinnest section in the hinge geometry is about 0.4 
mm (See Figure 3.7). There are two cavities with very short fill times. And the hinge and 
tension band sections are very thin. All these criteria make the accuracy of simulation 
very critical to the project. Therefore meshing should be able to solve accurately for the 
flow analysis. 
In this study, the maximum in-cavity pressure was measured at the hinge and tension 
band sections, at node numbers N15354 and N8828 (see Figure 3.28 for transducer 
positions) for various combinations of processing parameters (see Table 3.20). 
Moldflow simulation was carried out for the same set of processing conditions, using 
both dual doman (DD) and 3D mesh. A DD mesh is defined on the surface of the part 
(CAD model) cross section and the analysis method of a fusion mesh is called dual 
domain (see Figure 2.18). More details about DD mesh can be found in section 2.5.6.2. 
A 3D mesh (see Figure 2.19 in section 2.5.6.3) represents the CAD model by filling the 
volume of the model with four-node, tetrahedral elements (tetra).The nodes 
corresponding to the positions of the pressure transducers in the hinge and tension 
band CAD model were selected to obtain the pressure plots at those points using AMI.  
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Figure 5.3: Maximum in-cavity pressure in the hinge cavity (node N15354), for various process 
conditions, a comparison between actual and Moldflow simulation (using 3D and DD mesh) 
 
 
Figure 5.4: Maximum in-cavity pressure in the tension band cavity (N8828), for various process 
conditions, a comparison between actual and Moldflow simulation (using 3D and DD mesh) 
 
The node numbers corresponding to the positions of the transducers are indicated in 
Figure 3.38. The maximum pressure obtained from hinge and tension band cavities are 
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shown in Figure 5.3 and Figure 5.4. This comparison study was carried out on PP-H, as 
this was the material which was most extensively used in this PhD project. 
 
Figure 5.3 and Figure 5.4indicate that the values of maximum in-cavity pressure 
predicted by AMI, using DD mesh are more similar to the real time in-cavity pressures 
measured by the transducers. This is true in the case of both hinges and tension bands. 
The values of in-cavity pressure predicted by 3D mesh is much higher than those 
obtained in real life. This is an indication that injection moulding simulation of the hinge 
and tension band model, is predicted more accurately by AMI using a DD mesh. Each 
code number indicates a different process setting, and 27 different process settings 
were used (see Table 3.20). Code number 2,3,6 and 7 were short shots, hence the 
pressure values corresponding to these code numbers have not been included.  
 
According to Moldflow, a part which has got a width to thickness ratio of 4:1 or higher, is 
classed as a thin section. Also, the DD mesh considers heat transfer only in the flow 
direction (along the length and width of the sample), and not in the thickness direction, 
since for thin sections, effect of flow and heat transfer in the thickness direction is 
minimal. Hence, a DD mesh is claimed to be best suited for thin walled parts. The width 
to thickness ratio of the hinge section under investigation is 10 mm : 0.4 mm therefore 
(25:1). For the tension band section, this ratio is 10 mm : 0.8 mm therefore (12.5:1). 
Hence, the flow properties of these models are best simulated using a DD mesh. 
In the case of thick sections, where the width to thickness ratio is lower than 4:1, there 
would be considerable heat flow in the thickness direction, and the heat transfer effects 
through the thickness have to be included. A 3D mesh assumes flow and heat transfer 
in the thickness direction as well as in the flow direction (along the length and width of 
the part). This is the reason why a 3D mesh is recommended for a thick sectioned part.  
Also, it can be seen from Figure 5.5 that for a width to thickness ratio of 10:1, the 
thickness contributes 20% of the perimeter and for 4:1, the thickness only contributes to 
9% of the perimeter. This is the reason why for thin sections, heat transfer through the 
thickness is not taken into account for simulation study using Moldflow. [Mr Paul Larter, 
Moldflow, telephonic conversation, 09/02/2012] 
 
147 
 
 
Figure 5.5: Dependence of perimeter on the length to thickness ratio of a geometry (figure 
courtesy of Moldlow) 
 
5.3 EVALUATION OF INJECTION MOULDING MACHINE 
PERFORMANCE 
 
To make sure that the injection moulding machine was suitable and accurate in 
performance, some basic tests were performed, before the main injection moulding 
research In this experiment the weights of the mouldings and air shots corresponding to 
different shot sizes were measured. Air shots were obtained by injecting the polymer 
into air, with the injection unit taken backward, so that there was no contact between the 
nozzle and sprue. Mouldings were obtained by injecting polymer into the mould. The 
objective of ths experiment was to check the condition of the check ring and to ensure 
that there was no wear on the inner surface of the barrel. Either could cause back flow 
of polymer melt inside the barrel during injection. If there was a back flow of the 
polymer, it would be evident from a difference in weight of the moulding to the air shot, 
for a fixed stroke. Stroke was increased from 5 mm to 70 mm in 5mm increments.  
Figure 5.6 indicates that for a particular shot size, the weight of the moulding and the 
weight of the air shots were almost identical, showing that there was no wear on the 
inner surface of the barrel. Any wear in the barrel would be indicated by a back flow of 
the polymer melt when it was injected into the mould at high pressure, because of any 
possible extra clearance between the barrel and the screw flights. 
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Figure 5.6: Graph showing a comparison of air shot weights and moulding weights for different 
shot sizes (values presented are average of 5 weights per stroke. Error bars/variations are too 
small to be noticed) 
 
The back flow would be less in the case of air shots as the resistance offered against 
polymer flow during ‘free’ injection from the nozzle into air would be less compared to 
that observed during injection into the mould. The fact that there was no difference 
between the weights of air shots and mouldings for the same stroke (see Figure 5.6), 
indicated that there was no or very minimal wear on the inner surface of the barrel.
    
Figure 5.7: Inner surface of barrel inspected for wear by illuminating a light from one end and 
inspecting from the opposite end. This image shows that there is no evident wear inside the barrel 
 
This was backed up by a visual inspection carried out on the inner surface of the barrel, 
(Figure 5.7) which did not indicate any significant wear, either. Here a light source was 
used to illuminate the barrel interior and it was viewed from the opposite end, to check 
for any obvious signs of wear. While the barrel was stripped and the screw was 
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removed for inspection, the existing check ring valve on the screw tip assembly was 
replaced with a new one-way valve (check ring valve, see Figure 3.26). 
From the above experiment, it was concluded that there was no wear on the inner 
surface of the barrel. This provides confidence in all pressure measurements for the 
practical research. 
5.4 INJECTION MOULDING IN-CAVITY DATA ACQUISITION 
SYSTEM – GENERAL OVERVIEW 
 
In this section, an overview of the in-cavity data acquisition facility for the hinge and 
tension band mould is discussed.  
 
A typical in-cavity pressure trace for a conventional injection moulding is shown in 
Figure 5.8. It can be seen that OA is the time taken for the polymer melt to reach the 
transducer position inside the cavity. For the whole duration of the injection phase (AB), 
the in-cavity pressure is expected to rise in an almost liner manner. BC is the time at 
which injection phase switched to packing phase (velocity to pressure or V/P switchover 
: injection is velocity controlled and packing is pressure controlled). 
 
 
Figure 5.8: A typical pattern of an in cavity pressure trace for a conventional injection moulded 
component (Figure courtesy of Kistler) 
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The pressure reaches a maximum and the packing phase ends after the set packing 
time (CD). Once the packing phase is completed, the pressure drops to atmospheric 
pressure, as the melt close to the cavity wall cools and freezes, thus preventing further 
pressure transfer. This is followed by gate freeze, after which additional polymer melt 
cannot enter the cavity and eventually the in-cavity pressure drops to atmospheric. 
 
 
Figure 5.9: A screen shot from Kistler ‘DataFlow’ software, showing a plot of in-cavity pressure 
obtained throught a single injection moulding cycle  
In-cavity pressure measurement does not start until the polymer melt has reached any 
of the transducer positions inside the cavity. As soon as the melt front reaches a 
transducer position, pressure is detected and starts to rise as flow continues. Pressure 
rises until the end of injection phase (screw velocity controlled phase). After the injection 
phase, the process switches to hold-on/packing phase (this point is also called velocity 
to pressure switchover or V/P switchover, because injection stage is velocity controlled 
and packing stage is pressure controlled). It is common industrial procedure in injection 
moulding to set a packing pressure which is 80% of the maximum pressure obtained 
during the injection stage [103]. If this is the case, then the in-cavity pressure will reach 
the set packing pressure. The machine applies this pressure for the set packing time 
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and the in-cavity facility is able to determine the actual transmitted pressure, throughout 
the cycle. Once the packing phase has been completed, ideally the pressure inside the 
cavity drops towards atmospheric.  
Figure 5.9 shows in-cavity traces obtained during the investigation at Loughborough 
University, using the 2-cavity instrumented hinge and tension band mould. 
Figure 5.9 shows a screen shot containing pressure traces and temperature traces 
measured in the hinge and tension band cavities. Red and green traces correspond to 
pressure measured by the top transducers (high pressure position) in the hinge and 
tension band cavities, whereas the blue and pink traces correspond to pressure values 
measured by the bottom transducers in the hinge and tension band cavities, 
respectively. Injection starts at time t = 0 s. At t=1.3 seconds, the melt reaches the top 
transducer positions (red and green traces) and the pressure starts to rise. The melt 
reaches the bottom transducers after a delay of about 0.2 seconds. Thus the bottom 
transducers start measuring pressure at a time t=1.5 seconds. Unlike Figure 5.8 
(theoretical), a clear distinction of end of injection phase and the start of V/P switchower 
was difficult to be identified from Figure 5.9 (actual data). This could be because of the 
fact that Figure 5.8 is a pressure tarce for conventional injection moulding whereas 
Figure 5.9 is the in-cavity data obtained for thin-walled injection moulded components. 
Typically, thin-walled injection mouldings have very short injection times (in the case of 
hinges and tension bands, this is about 2 seconds). This possibly accounts for the slight 
variation of the pressure traces observed wen comparing theoretical pressure traces to 
the actual pressure traces (i.e. comparison of Figure 5.8 and Figure 5.9). This slight 
variation in results of theoretical and actual data , highlighted the need for capturing the 
screw position data, in addition to the in-cavity pressure data, in order to have a more 
clear understanding and to be able to correlate the in-cavity results to the different 
phases of the moulding cycle. The top transducers apper to have registered a maximum 
pressure at time t=2 seconds. Then after the set packing time of 2 seconds, the 
pressure registered by the top transducers (closer to the gate) falls to atmospheric at 
about t=4.2 seconds. The pressure registered by the botton transducers falls to 
atmospheric earlier compared to the top transducers. There are two possible reasons 
for this: 
 The top transducers are closer to the gate, and the polymer closer to the vicinity 
of these transducers would take longer to freeze, thus causing the pressure to 
drop slower compared to the pressure measured by the bottom transducers 
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 Once the polymer in the thin section (hinge and tension band) is frozen, polymer 
melt flow through the thin section ceases, thus causing the pressure at the 
bottom transducers drops to atmospheric 
Since it was hard to differentiate the various phases of the injection moulding process in 
the in-cavity data genetared during the initial study of this project (See Figure 5.9), it 
was decided to modify the existing in-cavity data system in order to fecilitate the 
measurement of screw position with time. The addition of screw position data with 
respect to time, overlaid with the in-cavity pressure data, helps to clarify, differentiate 
and verify the various stages in an injection moulding process more clearly. This is 
discussed in more detail in section 5.9. Also the initiation of in-cavity data measurement 
was modified (as mentioned in Section 3.3.6), in order to improve the accuracy of the 
results. 
From Figure 5.9 it can be seen that the in-cavity temperatures measured by the various 
transducers did not seem to show much variation. The temperature remains constant at 
about 35°C until t=1.3 seconds. At t=1.3 seconds, the melt reaches the top transducer 
positions, and cause a quick and steady rise in temperature initially, then the rise is 
gradual until it reaches a maximum value. It reaches a maximum of 55°C at about 
t=2seconds. Then the temperature starts to drop gradually at a very slow rate as the 
part cools. Even though the polymer melt was injected at a temperature of 220°C, the 
highest temperature measured in-cavity by the transducers is only 55°C. This is 
because, the transducer measure the temperature of the surface of the moulding, which 
freezes to form a skin layer, as soon as it comes in contact with the relatively cold 
mould surface. Additionally, the fact that the hinge and tension band mouldings are thin-
walled components, causes these parts to freeze even quicker, compared to 
conventional injection moulded parts.The temperature traces were less informative 
compared to the pressure traces, hence it was decided that for further parts of this 
project, the temperature data would not be analysed. 
From Figure 5.9 it can also be seen that the initial pressure measured was shown to be 
‘negative’. This is the pressure measured during mould closing, but once the injection 
phase starts, the pressure rises and reaches a maximum. In the packing stage the 
pressure begins to fall and at the end of packing it levels off to atmospheric pressure. In 
the case of the tension band top transducer (greentrace), the pressure falls to below 
zero. This was proving that the transducers were pre-loaded (i.e. registering pressure 
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during opening and closing of the mould). This was verified by a sensor pre-load test 
and corrective measure were taken to avoid this. This is described in Section 5.8. 
 
5.5 INJECTION MOULDING – EFFECT OF VARYING TOTAL 
INJECTION STROKE ON ‘IN-CAVITY’ PRESSURE 
 
This study was conducted to determine if the stroke, hence shot size, had an influence 
on the in-cavity pressure measured through the cycle. As mentioned in section 3.3.3 an 
experiment was carried out to determine the effect of total injection stroke on in cavity 
pressure measurement. The minimum stroke studied was 14 mm and the maximum 
was 28mm. Table 3.12 shows the different strokes at which PP-H was injected into the 
mould. Injection velocity was set to 24 mm s-1, a mould temperature of 30°C and a melt 
temperature of 220°C were used.Packing pressure and packing time were set to zero 
throught the experiment. Maximum in-cavity pressures corresponding to the transducers 
in the top position (closer to the gate, see Figure 3.28) in the hinge and tension band 
cavity were obtained using the Kistler data acquisition system. 
 
 
Figure 5.10: Graph showing variation of maximum in-cavity pressure and total shot weight with 
varying screw stroke (pressure was measure in both hinge and tension band cavities by 
transducers corresponding to the ‘top’ position. Values shown are average of 5 measurements. 
However,error bars are not shown because the in-cavity data acquired from Kistler DataFlow 
software was downloaded as mean values) 
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From Figure 5.10 it can be seen that the maximum pressures measured in the cavity, 
increases with increasing total stroke. This trend is true for both the hinge and tension 
band cavity. As the size of injection stroke increased, the volume of material injected 
into the mould also increased and hence an increase in both shot weight and in-cavity 
pressure was observed. 
 
Figure 5. 11: Graph showing variation of maximum in-cavity pressure vs total shot weight 
 
A plot of pressure vs shot weight gives a linear trend (see Figure 5. 11). This is the 
expected behaviour for a conventional moulded part. The above results show that 
similar trends were true while moulding thin-walled components, and gives confidence 
in the instrumented hinge and tension band tool used for this process. 
From the results obtained from Section 5.1 to 5.5, the following can be summarised: 
 Moldflow predicts the injection moulding of hinge and tension bands fairly 
accurately (based on the extent of fill comparisons) 
 Dual domain (DD) mesh is more suitable for simulation injection moulding of 
hinges and tension bands (thin wall mouldings) 
 There is no evident wear on the inner surface of the barrel 
 Modification of the current in-cavity data initiation setup (replace proximity 
switch with a LVDT transducer to trigger the in-cavity data measurement) is 
necessary for more accurate comparison of in-cavity and real time data 
 Additional setup for measuring screw-position is need for better interpretation 
the in-cavity data  
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Section 5.1 to 5.5 dealt with details of preliminary work to verify the accuracy of the 
machine and the in-cavity data measurement system. More specific results from the 
main research are presented from section 5.6 onwards. 
5.6 IN CAVITY PRESSURE - A COMPARISON BETWEEN 
MOLDFLOW SIMULATION AND PRACTICAL INJECTION 
MOULDING 
 
In this section, Moldfow predicted pressure data is compared with the practical in-cavity 
pressure data (for both the hinge and tension band cavity). In-cavity pressure traces 
obtained from results simulation from MPI process and those obtained during practical 
injection moulding, for the same set of process settings (Tc = 30°C, Tm = 220°C, PP = 18 
MPa, tP = 3 s) are discussed below. 
5.6.1 IN-CAVITY PRESSURE COMPARISON – HINGE CAVITY 
This section deals with the comparison of in-cavity pressure data and Moldflow 
simulated data for the hinge cavity. 
 
Figure 5.12: Graph showing in cavity pressure measured by top and bottom transducers in the 
hinge section (PP-H is the polymer used) (X-injection phase at set screw speed, Y-injection phase 
at slow speed, Z-Packing phase) 
From Figure 5.12, it can be seen that initially up to a time of 0.7 s that the pressure 
measured is atmospheric pressure, before the melt had reached the first transducer. 0.7 
s after the start of pressure measurement, the top pressure transducer registered a 
rapid rise which can be attributed to the fact that the melt has reached the top pressure 
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transducer. The pressure rise is steep until about 1.2 s and then there is a change in 
gradient of the pressure curve, with the rise being more gradual. This behaviour was 
caused due to the injection phase being profiled to take place at two different speeds. 
The screw injected at a speed of 40 mm s-1 for the majority of the injection stroke and 
then for the last 5 mm of the injection stroke, the screw moved at a slower speed of 4 
mm s-1. The respective time periods for these phases were 1.2 s and 0.5 s 
,approximately. The idea of profiling the injection stage was to avoid the formation of 
any pressure spikes in the pressure curves. 
 
 
Figure 5.13: MPI simulation, screen shot of pressure curve showing in cavity pressure measured 
by top and bottom transducers in the hinge section 
Also it can be seen that there was a lag between the pressure recorded in the top 
sensor and that recorded in the bottom sensor. Therefore, at any given time during 
(fast) injection, (P1-P2) = ઢP, the pressure drop across the hinge can be calculated. 
This is analysed later, since it is likely to relate to flow, microstructure and properties. 
The pressure recorded by the top sensor increased rapidly up to 20 MPa in a time of 1 s 
and in the bottom sensor the pressure rose rapidly up to 17.5 MPa. Then at a slow 
injection speed the increase was gradual and the maximum pressure recorded by the 
top sensor was slightly higher than 28.5 MPa and that measured by the bottom sensor 
was slightly less than 28.5 MPa. After reaching a maximum, the pressure started to 
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drop as the packing phase started and at the end of packing, the pressure inside the 
cavity had fallen to atmospheric pressure. The sudden drop in pressure was observed 
because it is thought due to a significant volume contraction during crystallisation [102]. 
It can also be seen that the pressure in the bottom sensor fell steadily reaching 
atmospheric pressure quicker than pressure registered by the top sensor. The reason 
for this behaviour was because the top sensor was closer to the gate and the melt in 
that region was at a higher temperature and retained the packing pressure for longer, 
compared to the melt in the region close to the bottom sensor. The melt in the region of 
the hinge froze more quickly than that in the top sensor region, therefore the packing 
pressure is not transmitted effectively to the bottom sensor, causing a fall to 
atmospheric pressure more quickly. The reason for negative pressure readings at the 
start of the process can be attributed to the fact that the sensors may have been pre-
loaded and during clamping these were relieved, thus registering negative pressure 
values.  
From Figure 5.13, it can be seen that the the pressure predicted by Moldflow followed a 
similar overall trend to the pressure measured inside the cavity. The pressure trace 
obtained by Moldflow and those obtained by in cavity pressure measurements, were 
comparable. Moldflow predicted a quick rise in pressure initially up to a time of 0.7s 
when the screw was injecting at a speed of 40mm s-1. After 0.7 s, the injection took 
place at a speed of 4 mm s-1. The maximum pressure registered by the top pressure 
sensor was slightly less than 35 MPa, and that registered by the bottom sensor was 
about 30 MPa. This difference in pressure is due to the fact that the top transducer is 
nearer to the gate. The pressure near the gate would be high. Pressure drops as flow 
progresses and as the distance from the gate increases there is a reduction in pressure. 
After the maximum pressure had been reached, the pressure in the lower pressure 
sensor dropped off steadily, whereas the pressure in the top pressure sensor is 
predicted to drop to 20 MPa then level off for 0.5 seconds, before dropping to 
atmospheric pressure. As the polymer nearer the gate region was at a higher 
temperature (see Figure 5.14), and closer to the high pressure region, it took more time 
to freeze and hence the top sensor took more time to drop to atmospheric pressure. In 
other words, since the top transducer is closer to the gate, packing pressure is 
transmitted effectively. In the case of bottom transducer which is on the other side of the 
hinge, once the hinge cools and polymer in the hinge section solidifies, pressure cannot 
be transmitted. 
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Figure 5.14: Temperature at flow front result (hinge cavity) output by Moldflow simulation 
In the current setup, the in-cavity pressure measurement was initiated by the activation 
of a proximity switch during mould closing, which happened before the start of injection, 
whereas Moldflow predicted the pressure at the start of injection. This can be avoided 
by altering the time of initiation of pressure measurement by the transducer so that the 
pressure measurement starts at the same point in time when the screw moves forward 
to inject the polymer. This is discussed in Section 5.8 
 
5.6.2 IN-CAVITY PRESSURE COMPARISON – TENSION BAND 
CAVITY 
 
In this section comparison of in-cavity pressure data and Moldflow simulated data for 
the tension band cavity is discussed.  
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Figure 5.15: Graph showing in cavity pressure measured by top and bottom transducers in the 
tension band section (PP-H is the polymer used) (X-injection phase at set screw speed, Y-injection 
phase at slow speed, Z-Packing phase) 
 
 
 
Figure 5.16: MPI simulation, screen shot of pressure curve showing in cavity pressure measured 
by top and bottom transducers in the tension band section 
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From Figure 5.15 and Figure 5.16, it can be seen that the pressure was recorded first 
by the top transducer as the melt reached it first. It was also seen that both in the 
simulation and real time in-cavity pressure measurement, that the top pressure 
transducer measured a higher pressure compared to the bottom transducer at any 
given time. Also during the packing phase, the pressure in the bottom transducer 
dropped steadily to reach atmospheric pressure whereas the pressure in the top 
transducer reduced to around 15 MPa and levelled off for some time, before gradually 
falling to atmospheric pressure. 
 
 
Figure 5. 17:Shear rate, bulk result (tension band cavity), showing magintude of shear rate 
through the tension band section during the filling stage, output by Moldflow simulation 
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A difference in pressure was thought to occur due to the polymer melt experiencing high 
levels of shear heating while passing through the tension band section (see Figure 5. 
17), so that its viscosity decreased leading to lower pressure requirements to fill the 
lower part of the tension band cavity. However, during cooling, the tension band section 
(thin section) is expected to freeze quicker. The reason for the steady pressure drop in 
the bottom transducer was because the thickness of the tension band was 0.508 mm (± 
0.012 mm), and this thin section froze off quickly. Therefore once this section had been 
frozen, pressure was not transmitted past the tension band section into the bottom part 
of the hinge. On the part above the tension band section, the packing pressure was 
maintained until the gate froze off. This was the reason for the top pressure transducer 
showing a higher pressure, as compared to that of the bottom transducer, and also 
explaining the delay taken for the top transducer to reach atmospheric pressure.  
 
5.6.3 ANALYSIS OF PRESSURE DROP (ઢP) ACROSS THE 
HINGE AND TENSION BAND SECTION 
 
This section deals with the pressure difference across the thin section (hinge and 
tension band). At any given point in time, ∆PH corresponds to the pressure difference 
across the hinge section, i.e. the difference in pressure measured by the top and bottom 
transducers in the hinge. Similarly ∆PTB at any given point in time, corresponds to the 
pressure difference across the tension band section. The red traces in the figures 
indicate the pressures measured by the transducers above the hinge and tension band 
sections whereas the blue trace indicates the pressure measured by transducers below 
the hinge and tension band sections. 
 
Figure 5.18 and Figure 5.19 show the pressure across the hinge and tension band 
section respectively, at time 1.1 s. It was observed that at 1.1 s, the pressure difference 
across the tension band section was higher (10MPa) than the pressure difference 
across the hinge section (8MPa). This is due to the different shapes and dimensions, 
i.e. the thin section of the tension band is longer compared to thin section of the hinge 
and as a result there was higher resistance to flow in the tension band section and 
hence the pressure difference across the tension band was higher. 
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Figure 5.18: Example graph showing difference in in-cavity pressure measured by top (red trace) 
and bottom transducers (blue trace) in the hinge section at a time of 1.1 s (PP-H, processed at Tm 
220°C,Tc 30°C, Vi 40, 4 mm s-1,PP 18 MPa, tP 3s) 
 
 
Figure 5.19: Example graph showing difference in in-cavity pressure measured by top and bottom 
transducers in the tension band section at a time of 1.1 s (PP-H, processed at Tm 220°C,Tc 30°C,Vi 
40, 4 mm s-1 PP 18 MPa, tP 3s) 
 
The higher the ∆P value, the higher the shear stress. Potentially, the orientation in the 
hinge and tension band section will also be higher, giving scope to control the properties 
of the thin-wall sections, which is a key component of the research study. 
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Figure 5.20: A comparison of measured in-cavity pressure and Moldflow predicted pressure for 
the hinge cavity (PP-IC, processed at Tm 220°C,Tc 30°C, Vi 18.4 mm s-1,PP 20 MPa, tP 4s 
 
From Figure 5.20, it can be seen that in the injection phase, there is good agreement 
between Moldflow-predicted data and the real-time in-cavity data measured. The 
simulation and in-cavity traces follow the same pattern even though the peak values of 
pressure are not the same. In the packing phase, the set packing time is 4 seconds, but 
in the case of both simulation and real time, the packing pressure falls to atmospheric 
before this set time period of 4 seconds. This means that, after the injection phase is 
completed, the gate freezes within a duration of 4 seconds. Once the gate freezes, 
there is not flow of polymer melt into the cavity, as a result pressure is not transmitted 
into the cavity. This suggests that the set packing time of 4 seconds is longer than 
required, and this point would be taken into account, while determining the optimum 
processing conditions for hinges and tension bands. Also, in the packing phase, there is 
a disagreement between Moldflow predicted data and real-time in-cavity data. In the 
Moldflow-predicted data, the packing pressure falls to atmospheric quicker than what is 
observed in real time.The two reasons for these differences are: 
Moldflow uses a viscous model to simulate the flow, whereas in reality the flow 
behaviour of polymer is viscoelastic. 
Also, while characterising the flow data for various polymer grades, the thinnest moulds 
which Moldfow use to carry out the experiments and measurements are 1mm. However, 
the thickness of the hinge and tension band under study is 0.4 and 0.5 mm respectively. 
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This means that the dimensions of the current hinge and tension band cavity is 
extending the capability of the software to extremely small/thin sections. 
Overall, it can be said that the addition of screw position data overlaid with the in-cavity 
data would enable to differentiate the different phases of the injection moulding process 
more accurately (This is discussed in Section 5.8). 
Also from the above findings it can be said that Moldflow predicts the process quite 
accurately in the injection phase. In the packing phase there is slight dis-agreement with 
Moldflow-predicted data and real time in-cavity data. This is something which is very 
hard to find in publications. One reason for this could be because when Moldflow 
simulation is carried out on thin wall components, consumers assume the results are 
very accurate. Whereas in this project, we have gone a step further in comparing the 
Moldflow data for thin wall components with those obtained from real time in-cavity data. 
This comparison has enabled us to predict the accuracy of Moldflow-simulation of thin 
wall injection moulding components more accurately. 
 
5.7 INJECTION MOULDING: IN-CAVITY SENSOR PRE-LOAD 
TEST 
 
During the in-cavity data acquisitions, some pressure traces registered negative 
pressure during part of the cycle (see Figure 5.19 and Figure 5.21).  
 
Figure 5.21: A screen shot of in cavity pressure measured during mould opening and closing 
Mould 
Mould 
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This usually occurs when in-cavity transducers register any force during the opening 
and closing of the mould halves. To verify if this was happening, a sensor pre-load test 
was carried out during which the pressures were measured while opening and closing 
the mould, without any injection or packing phase. 
Normally there should be no force registered by the transducers during clamping. 
However, from Figure 5.21 it can be seen that the transducers registered values of 
pressure, while opening and closing of the mould. These results suggested that the 
sensors may have been preloaded and there was no allowance for the movement of the 
transducers. When the mould closed, there was some interaction of the mould surface 
with the transducers. 
This fault was rectified by adjusting the position of the transducers, to give them enough 
clearance to move front and back. The transducers were screwed onto the mould. 
Loosening this fit (by unscrewing it by half screw length) provided enough clearance 
(0.01 mm to 0.03 mm) for the transducer to move in the machine direction, while mould 
closing and opening stages. 
 
5.8 STARTING POINT OF PRESSURE MONITORING AND 
SCREW POSITION MONITORING 
 
In results presented in section 5.6, because of the short fill times, in addition to the in-
cavity pressure data,it was necessary to have additional set of data (screw position with 
respect to time), in-order to know precisely the start of the injection moulding cycle and 
differentiate clearly the various phases of the moulding cycle. Thus one of the reasons 
for modifying the current setup was to facilitate the measurement to screw position with 
respect to time. Another reason for the modification was to make it possible to initiate 
the pressure measurement at exactly the same point in time when the screw starts 
moving forward (start of injection phase). Overlaying the screw position data with the in-
cavity pressure data, would help differentiate the start and end of each phase in the 
injection moulding cycle more clearly (i.e. helps to interpret the in-cavity data more 
clearly). Details of the modification done to enable measurement of screw position data 
is described in Section3.3.6. 
 
166 
 
 
Figure 5.22: Screw position data overlaid with in-cavity pressure and screw position 
 
In Figure 5.22, the screw position is indicted by a red trace. The screw position in this 
case means the distance of the screw tip from the tip of the nozzle. It is seen that, up to 
a time of 1.3 seconds (injection time), as the screw moves forward, the screw position is 
decreasing rapidly. The screw position decreases up to a point and then it starts to 
increase slightly. It is at this point where injection phase ends. At the same instance, i.e. 
at 1.3 seconds, the transducers register the highest pressure inside the cavity. Then 
after 1.3 seconds injection time, the system switches to packing or holding stage at the 
V/P switchover. The screw position increases slightly, possibly because of the fact that 
the polymer would have been compressed during injection (compressibility). When the 
process switches to packing, some of the compressed polymer relaxes, and hence the 
screw position traces shows a slight increase. This relaxation occurs, because of the 
fact that the packing pressure is set to be lower than the maximum pressure achieved 
during injection.  
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In the industry the common practice is to set the packing pressure to 80% of the 
maximum pressure achieved during injection [103]. During the packing stage, the screw 
moves forward slowly until the gates freeze. At the end of packing, the screw position is 
closest to the nozzle (lowest value of screw position on the figure). Also the in-cavity 
pressure falls to atmospheric at the end of packing. After the set packing time is 
completed, the screw starts to move back (screw back starts). This can be seen from 
the Figure 5.22, when screw back starts, the screw position increases steadily, until the 
set shot size is reached. The screw position gives additional information, thus providing 
a better understanding of the different stages of the injection moulding process. 
 
Thus with the additional information of screw position data, it has been possible to 
achieve an in-depth understanding and interpretation of the in-cavity data. By initiating 
the measurement of in-cavity pressure at the same point in time when injection starts, 
has enabled accurate data capture of the injection moulding cycle. 
 
5.9 DoE PROCESS OPTIMATION – HOMOPOLYMER AND 
IMPACT COPOLYMER (PP-H AND PP–IC) 
 
A 5-factor DoE as mentioned in section 3.5.2 was implemented on the injection 
moulding process to process PP-H and PP-IC. In tension tests, maximum load (FMAX, 
load to break hinge or tension band under tensile stress) and toughness were identified 
as the two important factors or outputs to be studied, in order to achieve the optimum 
processing conditions to provide high quality parts. Tensile testing was carried out as 
described in Section 3.6 using the jaws shown in Figure 3.50. For each process setting, 
5 mouldings were tested and their average values were recorded. 
Since the PP-H and PP-IC had the same MFI (Figure 4.1), their flow properties were 
similar and thus the same range of process parameters for the DoE were chosen. 
However the MFI for the random copolymer was higher compared to the other two 
grades and as a result different ranges of process parameters had to be used. 27 
different process conditions, plus 5 centre points (Code number 14 in Table 5.1) were 
studied in order to optimise the process. It is to be noted that the centre point values 
(Code 14) are usually reported as an average of 6 responses. Here, for the same 
processing conditions, repeating a Moldflow simulation would not show any difference in 
results. Since there were 6 repeats of the process conditions corresponding to code 14, 
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to maintain consistency with Moldflow data, the mechanical properties were also 
reported as averages. 
Table 5.1: Maximum load and toughness values of hinges and tension bands moulded from PP-H 
(TC – mould temperature, Tm – melt temperature, Vi – injection velocity, PP – packing pressure, tP – 
packing time,standatd deviation shown in brackets) 
 
 
Mouldings were produced using these 27 different process conditions. These mouldings 
were then subjected to tensile testing in order to determine the maximum load and 
toughness. This procedure had to be repeated for all the 3 PP grades under 
investigation. 
Code 
Factor   
1       Factor 2  
Factor 
3  
Factor 
4  
Factor 
5  
Response 
1  
Response  
2  
Response
3  
Response    
4  
TC    
(°C) 
Tm      
(°C) 
Vi       
(%) 
 PP 
(MPa) 
 tP        
(s) 
FMAX 
hinge      
(N) 
Toughness 
hinge   
(Nm) 
FMAX      
t-band      
(N) 
Toughness   
t-band   
(Nm) 
1 20 210 21 35 3 321 (8) 79.5 (5) 369 (4) 13.7 (3) 
2 10 220 19 20 4 320 (3) 80 (6) 345 (6) 15.8 (2) 
3 30 220 19 20 2 321 (8) 79.8 (6) 353 (1) 12 (1) 
4 10 220 23 20 2 323 (3) 84.2 (7) 331 (5) 16.6 (2) 
5 30 220 23 20 4 324 (3) 77.8 (7) 334 (3) 14.2 (2) 
6 10 220 19 50 2 332 (13) 66.8 (14) 385 (22) 17.8 (5) 
7 30 220 19 50 4 341 (5) 98.2 (13) 397 (8) 12.2 (4) 
8 10 220 23 50 4 340 (2) 78.2 (11) 349 (1) 12.8 (1) 
9 30 220 23 50 2 342 (4) 91.8 (10) 356 (3) 13.4 (1) 
10 20 230 21 5 3 303 (5) 89.8 (6) 307 (4) 15.8 (4) 
11 20 230 17 35 3 326 (18) 63.8 (17) 352 (11) 17 (3) 
12 5 230 21 35 3 309 (5) 109 (7) 336 (4) 12.8 (2) 
13 20 230 21 35 1 309 (5) 114 (15) 316 (2) 12 (0) 
14 20 230 21 35 3 316 (6) 92.4 (8) 344 (4) 13.8 (1) 
14 20 230 21 35 3 316 (6) 92.4 (8) 344 (4) 13.8 (1) 
14 20 230 21 35 3 316 (6) 92.4 (8) 344(4) 13.8 (1) 
14 20 230 21 35 3 316 (6) 92.4 (8) 344 (4) 13.8 (1) 
14 20 230 21 35 3 316 (6) 92.4 (8) 344 (4) 13.8 (1) 
14 20 230 21 35 3 316 (6) 92.4 (8) 344 (4) 13.8 (1) 
15 20 230 21 35 5 316 (2) 94.6 (10) 342 (2) 13.2 (1) 
16 40 230 21 35 3 317 (4) 79.2 (2) 340 (5) 11.8 (1) 
17 20 230 25 35 3 339 (2) 96.8 (11) 351 (2) 11.4 (1) 
18 20 230 21 65 3 382 (2) 63.4 (5) 416 (1) 11.8 (1) 
19 10 240 19 20 2 295 (2) 84.8 (9) 319 (2) 15.2 (2) 
20 30 240 19 20 4 300 (5) 89.4 (9) 316 (4) 19.2 (2) 
21 10 240 23 20 4 304 (2) 71.6 (8) 323 (2) 18 (1) 
22 30 240 23 20 2 313 (4) 82 (8) 333 (5) 16.4 (2) 
23 10 240 19 50 4 310 (2) 105 (2) 344 (5) 17 (2) 
24 30 240 19 50 2 321 (1) 98 (3) 352 (3) 15.2 (1) 
25 10 240 23 50 2 315 (4) 106 (12) 326 (2) 16.6 (2) 
26 30 240 23 50 4 352 (5) 108 (7) 356 (5) 14 (1) 
27 20 250 21 35 3 304 (2) 101 (9) 318 (2) 13.8 (1) 
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Following the analysis of the response variables using ‘Design Expert’ software, 
predictive equations can be obtained.  
5.9.1 PP-HOMOPOLYMER HINGE 
In this section the DoE output results for PP-H hinges is presented and also data from 
optical microscopy and DSC is interpreted. 
5.9.1.1 DoE OUTPUT EQUATIONS – (PP-H) HINGE 
Example DoE output equation for FMAX (maximum load for hinge under tensile stress), 
Toughness, PMAX across hinge (in-cavity) and ઢP at V/P switchover (Moldflow-
predicted) is shown in equations below [5.1 to 5.4]:  
 
FMAX, hinge (N) = +1451 – 9 (Tc) - 4.69 (Tm) – 33.9 (Vi) - 2.52 (Pp) – 42.9 (tP)  + 0.03 (Tc) 
( Tm) + 0.07 (Tc) (Vi) + 0.02 (Tc) (Pp) + 0.07 (Tc) (tP) + 0.13 (Tm) (Vi) + .001 (Tm) (Pp) + 
0.09 (Tm) (tP) + 0.04 (Vi) (Pp) + 0.78 (Vi) (tP) + 0.15 (Pp) (tP)     [5.1] 
 
Since the interaction coefficients between the factors were mostly very small, only the 
ones with relatively larger coefficients have been presented in the equations from here 
on. 
Toughness, hinge (Nm) = - 232 + 3.84 (Tc) + 1.01 (Tm) – 17.4. (Vi) - 9.38 (Pp) – 47.4 (tP) 
- 2.19 (Vi) (Pp) + interactions between the factors      [5.2] 
 
ઢPMAX across hinge ,in-cavity data (MPa) = + 616 - 1.68 (Tc) - 2.2 (Tm) – 17.3. (Vi) - 5.35 
(Pp) – 27.6 (tP) + interactions between the factors      [5.3] 
 
ઢPMAX at V/P switch over hinge, Moldflow-predicted data (MPa) = + 312 - 0.02 (Tc) - 1.3 
(Tm) – 12.9. (Vi) - 0.08 (Pp) – 0.32 (tP) + interactions between the factor   
            [5.4] 
 
Results can also be plotted against chosen variables (see Figure 5.23) 
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Figure 5.23: Predicted variation of maximum load (FMAX) of PP-H hinge, with changes in melt 
temperature and injection velocity 
 
 
Figure 5.24: Effect of packing time and mould temperature on ultimate load (FMAX ) of hinge (PP-H) 
 
From Figure 5.23 it can be seen that FMAX of PP-H hinges increases with increasing Vi 
and decreasing Tm. Both an increase in Vi and decrease in Tm would lead to reduced 
cycle times. Since the effect of Vi and Tm were favouring an improvement in mechanical 
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properties and a reduction in cycle time (in the case of PP-H hinges), it was decided to 
investigate the effect of these two factors in detail. As a result a detailed optical 
microscopy and DSC study were conducted on PP-H hinges moulded at low and high Vi 
and low and high Tm, in order to get a better understanding of the influence of these 
factors on the properties of PP-H hinges. Also from Figure 5.24 it can be seen that 
packing time and mould temperature does not affect FMAX of hinges significantly. 
 
 
Figure 5.25: Effect of melt temperature on mechanical properties, in-cavity and simulation 
pressure data of PP-H hinges (DoE prediction) 
 
Whilst the DoE approach has allowed empirical relationships to be proposed between 
process conditions and measured hinge / tension band strength, thereby allowing 
process conditions to be optimised, the reasons for the trends can only be fully 
understood by obtaining information on the polymer microstructure developed in the 
vicinity of the thin sections. One method to study this is by optical microscopy of thin 
sections, analysed under cross-polarised light. Optical microscopy studies were 
conducted on selected samples (high and low Vi and Tm) as described in Section 3.7.3; 
some examples are shown below 
 
Figure 5.25 shows the effect of Tm on FMAX, Toughness, ઢPMAX across the hinge section 
(real time in-cavity data) and ઢP at V/P switch over (Moldflow predicted data), of PP-H 
hinges. From Figure 5.25 it can be seen that with an increase in melt temperature (Tm), 
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the delta pressure (the pressure difference between the top and bottom transducer at 
the same moment in time) for PP-H hinges decreases. This trend is true in case of both 
real time in-cavity measurement and Moldflow predicted data. This happens because at 
higher temperatures, the viscosity of the polymer melt is lower, and hence offers less 
resistance to flow. This causes a lower pressure during flow at higher temperatures. It is 
also seen that an increase in Tm causes a reduction in FMAX and an increase in the 
toughness. Also, for PP-H hinges, FMAX is directly related to ઢP whereas toughness is 
inversely related to ઢP (see Figure 5.26) 
 
 
Figure 5.26: Variation of FMAX and toughness of PP-H hinge with varying ઢPMAX (in-cavity) 
 
Figure 5.27 shows the effect of injection velocity (Vi) on the mechanical properties and 
in-cavity pressures of PP-H hinges. 
With an increase in injection velocity, there is a slight decrease in ઢP, both in real-time 
and simulation. The fill time at 25% Vi is lower than that at 17% Vi. This means if the 
polymer melts fills the mould quicker, the viscosity of the polymer melt during injection 
phase is lower at higher injection velocities, thus causing a lower ઢP value. However, it 
should be noted that the difference between the ઢP values for highest and lowest Vi is 
only 3 MPa (simulation) and 6 MPa (real-time). This is possibly because of the narrow 
values for the range of Vi under investigation. 
Toughness increases with increasing Vi. The flow induced defect produced at lower Vi 
(see Figure 5.30) may be acting as a weak spot causing early failure in the samples, 
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thus lowering their toughness values. At the lowest injection velocity studied, 17% ( 
which is 13.6 mm s-1), FMAX is 313 N. At the highest Vi, 25% (20 mm s-1), there is a 5% 
increase in FMAX 
 
 
Figure 5.27: Effect of injection velocity (Vi) on mechanical properties, in-cavity and simulation 
pressure data of PP-H hinges (DoE prediction) 
 
5.9.1.2 INTERPRATATION OF DATA (OPTICAL MICROSCOPY, 
DSC ) - (PP-H) HINGE  
 
This section deals with the interpretation of data from OM and DSC of PP-H hinges. 
Figure 5.28 and Figure 5.29 show that the hinge section has a skin-core morphology. 
However, the flow induced structure is not as clear as the one achieved in the tension 
band section (see Figure 5.37 and Figure 5.38). Nevertheless, a comparison of Figure 
5.28 and Figure 5.29 show that, at a lower melt temperature the hinge section has a 
thicker oriented skin. This induces a 5% increase in FMAX of hinges processed at 210°C, 
compared to those processed at 250°C. 
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Figure 5.28: Optical micrograph of PP-H hinge section processed at 210°C 
 
 
Figure 5.29: Optical micrograph of PP-H hinge section processed at 250°C 
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The toughness of the hinges processed at 250°C is 100 Nm approximately, which is 
20% higher than samples processed at 210°C. At lower Tm, the thickness of the skin 
(frozen oriented polymer), is greater than that achieved at a higher Tm (see Figure 5.28 
and Figure 5.29). This is the reason for FMAX to increase at lower Tm. At 210°C, there is 
a very distinct skin-core-skin morphology evident in the hinge section. However, at 
250°C, in the hinge section, the flow is more complex, creating a ‘double skin’ structure, 
and the interface of the double skin (skin-skin) is thought to be a non-uniform feature 
(area of stress concentration), causing an 8% reduction in FMAX values. From the 
micrographs (Figure 5.28 and Figure 5.29) it can also be seen that in the hinge (location 
A), there is a distinct skin-core morphology. As the flow enters the thin section (centre) 
of the hinges, the thickness of the oriented skin increase and there is evidence of 
converging flow implying the possibility of very high shear rates and extensional flow. As 
the polymer melt flows past the centre section (flow enters location B), core redevelops. 
Also from Table 5.2 it can be seen that, there is no change in the percentage of 
crystallinity of PP-H hinges processed at 210°C compared to those processed at 250°C. 
This suggests that the melt temperature does not influence the crystallinity of PP-H in 
thin hinge sections.  
 
Table 5.2: Crystallinity percentage measured using DSC, for PP-H hinges processed at low and 
high Tm 
 
 Tm 210°C Tm 250°C 
% crystallinity PP-H hinge 45 45 
 
From the micrographs shown in Figure 5.30 and Figure 5.31, it can be seen that there is 
a skin-core-skin morphology for hinges processed at both low and high Vi. It can also be 
seen that at lower Vi, the thickness of the oriented skin is greater. However, at lower Vi, 
in the centre section of the hinge, there is a double skin effect, where the microstructure 
changes in a complex manner, following flow and cooling. It is believed that the 
interface between the double skin is potentially a mechanical weak point, thus giving 
lower values of FMAX. 
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Figure 5.30: Optical micrograph of PP-H hinge section processed at 17 % (13.6 mm s-1) injection 
velocity 
 
 
Figure 5.31: Optical micrograph of PP-H hinge section processed at 25 % (20 mm s-1) injection 
velocity 
 
This is also evident from the failure mode of the samples observed during tensile testing 
(see Figure 5.32).For hinges moulded at lower Vi failure occurs at a point in the centre 
of the hinge, in a brittle manner, at a point corresponding to the position of the double 
skin interface (stress concentration). For hinges moulded at higher Vi, the skin-core-skin 
morphology is maintained more uniformly throughout the hinge geometry (locations A, 
centre and B). Also Table 5.3 shows that PP-H hinges processed at higher Vi have 
slightly higher percentage of crystallinity. This could also be one of the reasons for the 
FMAX to be slightly higher, for PP-H hinges processed at 25% Vi compared to those 
processed at 17% Vi, although the difference in crystallinity is relatively low. 
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Figure 5.32: Failure mode of PP-H hinges at high and low injection velocities 
 
Table 5.3: Crystallinity percentage measured using DSC, for PP-H hinges processed at low and 
high Vi 
 Vi 17 % Vi 25 % 
% crystallinity PP-H hinge 45 48 
 
5.9.2 PP-HOMOPOLYMER TENSION BAND 
 
In this section the DoE output results for PP-H tension band is presented and also data 
from optical microscopy and DSC is interpreted. 
 
5.9.2.1 DoE OUTPUT EQUATIONS – (PP-H) TENSION BAND 
 
Example DoE output equation for FMAX (maximum load for tension band under tensile 
stress), Toughness, PMAX across tension band (in-cavity) and ઢP at V/P switchover 
(Moldflow-predicted) is shown in equations below [5.5 to 5.8]:  
 
FMAX, tension band (N) = +2320 – 4.18 (Tc) - 8.67 (Tm) – 84.2 (Vi) + 7.31 (Pp) – 33.2 (tP)  
+ 0.72 (Vi) (tP) + interactions between the factors     
            [5.5] 
 
Toughness, tension band (Nm) = + 27.6 - 1.5 (Tc) - 0.16 (Tm) – 1.47 (Vi) + 0.74 (Pp) –7.8 
(tP) - 0.26 (Vi) (Pp) + interactions between the factors      [5.6] 
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ઢPMAX across tension band, in-cavity data (MPa) = + 379 - 1.42 (Tc) - 1.43 (Tm) – 13.4. 
(Vi) - 0.05 (Pp) + 4.67 (tP) + interactions between the factors     [5.7] 
 
ઢPMAX at V/P switch over tension band, Moldflow-predicted data (MPa) = + 7083 + 0.12 
(Tc) - 29.7 (Tm) – 316 (Vi) - 0.39 (Pp) + 6.42 (tP) + interactions between the factors 
            
            [5.8] 
 
Figure 5.33: Variation of FMAX of PP-H tension band, with melt temperature and injection velocity 
 
From equations [5.5 to 5.8], it can be seen that, in the case of PP-H tension bands Vi is 
the most significant factor that affects the responses investigated. From Figure 5.33 it 
can also be seen that FMAX increases with a decrease in Tm. A decrease in Tm would 
potentially decrease the cycle time. As a result a detailed optical microscopy and DSC 
study were conducted on PP-H tension bands moulded at low and high Vi and low and 
high Tm, in order to get a better understanding of the influence of these factors on the 
properties of PP-H tension bands. 
The influence of additional process variables is shown in Figure 5.34. It can be seen 
from Figure 5.34 that mould temperature and packing time does not affect the FMAX of 
tension bands significantly. 
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Figure 5.34: Effect of packing time and mould temperature on FMAX of tension band (PP-H) 
 
 
Figure 5.35: Effect of melt temperature on mechanical properties, in-cavity and simulation 
pressure data of PP-H tension bands (DoE prediction) 
 
From Figure 5.35 it can be seen that the FMAX of PP-H tension bands is inversely related 
to the melt temperature. This is because at lower melt temperature, the thickness of the 
oriented skin is greater. This is evident from Figure 5.37 and Figure 5.38. For a melt 
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temperature of 250°C, the FMAX for tension band was 318N. For the lowest melt 
temperature used (210°C), there was a 16% increase in the FMAX value (369N), caused 
possibly due to an increased orientation in the tension band section. The toughness of 
the tension band section is insensitive to the melt temperature range investigated. Also 
from Figure 5.35, it can also be seen that with an increase in Tm, there is a decrease in 
ઢP values (both real-time and simulation). In the case of PP-H tension bands, a higher 
ઢP (both real-time and simulation) gives higher FMAX. Similar to the trend found in PP-H 
hinges, the crystallinity of PP-H tension bands is insensitive to Tm (see Table 5.4), and 
is not thought to be a dominant factor influencing mechanical performance. 
Figure 5.36 shows the effect of Vi on the mechanical and in-cavity pressure data of PP-
H tension bands.  
 
 
Figure 5.36: Effect of injection velocity on mechanical properties, in-cavity and simulation 
pressure data of PP-H tension bands (DoE prediction) 
 
It can be seen that in the case of PP-H tension bands, FMAX decreases with increase in 
Vi. Both the ઢP MAX (in-cavity) pressure difference across the tension band section and 
the ઢP at V/P switch over (Moldflow predicted data), decrease with increasing Vi. 
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5.9.2.2 INTERPRATATION OF DATA (OPTICAL MICROSCOPY, 
MOLDFLOW SIMULATION AND DSC ) - (PP-H) TENSION BAND  
 
In this section, data obtained from optical microscopy, Moldflow simulation and DSC of 
PP-H tension bands is discussed. Figure 5.37 and Figure 5.38 are micrographs of PP-H 
tension bands moulded at 210°C and 250°C respectively. 
 
Figure 5.37: Optical micrograph of PP-H tension band section processed at 210°C 
 
Figure 5.38: Optical micrograph of PP-H tension band section processed at 250°C 
From Figure 5.37 and Figure 5.38 it is clear that a skin-core-skin morphology is 
achieved in the tension band section. The skin of the tension band section processed at 
lower melt temperature (210°C) is thicker compared to the skin of the tension band 
section processed at a higher melt temperature (250°C). This indicates that there is 
more frozen-in orientation for the moulding processed at lower melt temperature. This is 
also evident from the FMAX of the tension bands processed at different melt 
temperatures (see Table 5.1). 
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It can also be seen from Figure 5.37 and Figure 5.38 that the core section is thicker just 
as the melt enters the tension band section. After the melt passes through the thin 
section, the core reduces in size. The reason for this is because, during injection, the 
melt fills the moulding section up to the tension band and then the flow hits a thin 
section where it hesitates (see Figure 5.39). According to Moldflow [104], a difference 
greater than 5°C in the flow front temperature across the part (i.e. maximum 
temperature – minimum temperature across the part) during the injection phase, 
indicates that the flow is hesitating. In the case of tension bands moulded at Tm 210°C 
and Tm 250°C, the difference in flow front temperature is greater than 30°C, indicating 
the occurrence of hesitation.  
 
Figure 5.39: Temperature at flow front result (for PP-H) predicted by Moldflow for high and low Tm 
This causes the melt front to advance slowly through the thin section, also causing 
some melt to flow back and fill the bottom section of the moulding (the section below the 
tension band) before flowing past through the tension band section and filling the top 
part of the moulding (the section above the tension band). Since there is an initial delay 
for the melt to flow past the tension band section, the polymer which has entered the 
thin section starts to cool and thus forms a thicker skin.  
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Table 5.4: Crystallinity percentage measured using DSC, for PP-H tension bands processed at low 
and high Tm and Vi 
Process parameter % crystallinity PP-H tension band 
Tm 210°C 46 
Tm 250°C 46 
Vi 17 % 44 
Vi 25 % 40 
 
 
Figure 5.40: Temperature at flow front result (for PP-H) predicted by Moldflow for high and low Vi 
Figure 5.36 shows that in the case of PP-H tension bands, FMAX decreases with 
increase in Vi. This is due to the fact that at lower Vi, there is higher degree of hesitation 
(see Figure 5.40) which in turn causes a thicker skin to be formed in PP-H tension 
bands (see Figure 5.41 and Figure 5.42). In the case of samples moulded at Vi = 25%, 
the difference in flow front temperature of the moulding (tension band) is about 28°C. In 
the case of tension bands moulded at Vi = 17%, this difference is about 60°C. The 
degree of hesitation at low Vi is too high that it causes a short shot. 
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Figure 5.41: Optical micrograph of the PP-H tension band section processed at 17 % (13.6 mm s-1) 
injection velocity 
 
 
Figure 5.42: Optical micrograph of PP-H tension band section processed at 25 % (20 mm s-1) 
injection velocity 
 
The reason for a thinner skin being formed at higher Vi is also because of the shear 
heat caused by high shear rates (see Figure 5.43). The shear rate produced in the 
tension band section is lower at lower Vi (see Figure 5.43). Also from Table 5.4 it is 
seen that the crystallinity percentage of PP-H tension bands processed at lower Vi is 
higher than those processed at higher Vi. This is another reason for FMAX of PP-H 
tension bands to be higher at lower Vi. For PP-H tension bands, FMAX is directly related 
to ઢP. Vi does not seem to affect toughness in this case. 
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Figure 5.43: Shear rate predicted by Moldflow, for hinge and low injection velocities 
 
Using stress for assessing the tensile properties of the components is more accurate, 
compared to load, as it takes in to account the cross sectional area of the samples. 
Stress will be reviewed (in Section 9) to comparing polymer types. 
Similar data and DoE output equations for the PP impact copolymer is presented next: 
 
5.9.3 PP-IMPACT COPOLYMER HINGE 
 
In the previous sections (5.9.1 and 5.9.2), the results obtained from DoE study on 
processing and testing of PP-H hinges and tension bands were discussed. In this 
section the DoE output results for PP-IC hinges is presented and also data from 
Moldflow (AMI), optical microscopy and DSC is interpreted. 
 
Maximum load (Hinge) = -1949 + 0.628 * Tc + 14.3 * Tm+ 55.5 * Vi  - 3.8 * Pp - 4.74tP 
            [5.9] 
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Figure 5.44: Variation of maximum load (FMAX) of PP-IC hinge, with melt temperature and 
injection velocity 
 
It can be seen from Figure 5.44 that at 23% Vi, FMAX for PP-IC hinges is higher at lower 
melt temperatures. This is because, at lower melt temperatures, the thickness of the 
oriented skin layer formed is greater compared to that formed at higher melt 
temperature.  
 
 
Figure 5.45: Effect of melt temperature on toughness of PP-IC hinges (DoE prediction) 
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Table 5.5: Maximum load and toughness values of hinges and tension bands moulded from PP-IC 
(TC – mould temperature, Tm – melt temperature, Vi – injection velocity, PP – packing pressure, tP – 
packing time,standatd deviation shown in brackets) 
 
 
  Factor 1 
Factor 
2 
Factor 
3 
Factor 
4 
Factor 
5 
Response 
1 
Response   
2 
Response  
3 
Response     
4 
Code TC       (°C) 
Tm       
(°C) 
Vi        
(%) 
PP      
(MPa) 
Pt       
(s) 
FMAX  
hinge    
(N) 
Toughness  
 hinge   
(Nm) 
FMAX        
t- band     
(N) 
Toughness    
t-band   
(Nm) 
1 20 210 21 35 3 274 (4) 45.3 (4) 310 (9) 10.9 (1) 
2 10 220 19 20 4 252 (6) 38.9 (2) 281 (4) 10 (2) 
3 30 220 19 20 2 253 (3) 39.3 (3) 290 (7) 10 (1) 
4 10 220 23 20 2 295 (3) 59.4 (3) 294 (3) 13.8 (2) 
5 30 220 23 20 4 294 (1) 62 (1) 306 (2) 16.2 (3) 
6 10 220 19 50 2 273 (2) 37.4 (8) 315 (6) 10.7 (1) 
7 30 220 19 50 4 283 (2) 39.8 (3) 318 (2) 10.1 (1) 
8 10 220 23 50 4 305 (3) 65.1 (2) 315 (3) 13.2 (1) 
9 30 220 23 50 2 308 (2) 71.5 (1) 326 (1) 12.3 (2) 
10 20 230 21 5 3 286 (3) 59.4 (2) 288 (2) 17.5 (1) 
11 20 230 17 35 3 276 (4) 39.3 (5) 294 (2) 10.8 (1) 
12 5 230 21 35 3 281 (2) 66.7 (2) 311 (2) 12.8 (1) 
13 20 230 21 35 1 273 (6) 68 (2) 295 (2) 11.7 (2) 
14 20 230 21 35 3 274 (6) 61.1 (2) 301 (1) 11.8 (1) 
14 20 230 21 35 3 274 (6) 61.1 (2) 301 (1) 11.8 (1) 
14 20 230 21 35 3 274 (6) 61.1 (2) 301 (1) 11.8 (1) 
14 20 230 21 35 3 274 (6) 61.1 (2) 301 (1) 11.8 (1) 
14 20 230 21 35 3 274 (6) 61.1 (2) 301 (1) 11.8 (1) 
14 20 230 21 35 3 274 (6) 61.1 (2) 301 (1) 11.8 (1) 
15 20 230 21 35 5 274 (4) 67.7 (1) 299 (2) 11.8 (1) 
16 40 230 21 35 3 278 (3) 58 (1) 297 (1) 10.8 (1) 
17 20 230 25 35 3 290 (2) 53.8 (2) 309 (9) 12.4 (1) 
18 20 230 21 65 3 361 (1) 59.9 (2) 367 (5) 10.8 (1) 
19 10 240 19 20 2 266 (7) 46.3 (1) 276 (1) 12.7 (1) 
20 30 240 19 20 4 264 (3) 55 (2) 273 (1) 12.8 (2) 
21 10 240 23 20 4 281 (1) 45.7 (1) 294 (2) 19.6 (1) 
22 30 240 23 20 2 274 (2) 44.1 (1) 295 (1) 17.5 (1) 
23 10 240 19 50 4 282 (5) 48.4 (1) 312 (3) 11.5 (1) 
24 30 240 19 50 2 290 (6) 64 (1) 308 (1) 12.6 (1) 
25 10 240 23 50 2 299 (4) 66.5 (2) 310 (2) 13.5 (2) 
26 30 240 23 50 4 307 (3) 54.4 (1) 306 (2) 12.2 (1) 
27 20 250 21 35 3 268 (4) 57.7 (1) 284 (1) 13.3 (1) 
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Figure 5.46: Frozen layer fraction for PP-IC hinges moulded at 250° C, as predicted by Moldflow 
(AMI) 
 
 
Figure 5.47: Frozen layer fraction for PP-IC hinges moulded at 230° C, as predicted by Moldflow 
(AMI) 
This is evident from Figure 5.46 and Figure 5.47. At a melt temperature of 250°C, at the 
end of filling, 54% of the hinge in the thin section is frozen (oriented skin layer), whereas 
at a lower melt temperature of 230°C, 64% of the hinge is frozen. This confirms that at 
lower melt temperatures, the skin thickness achieved in PP-IC hinges is greater 
189 
 
compared to that achieved at a higher melt temperature. Toughness of PP-IC hinges 
does not seem to be significantly affected by changes in melt temperature between 210 
- 250°C (see Figure 5.45). 
In addition to the data from Moldflow simulation, optical micrographs (see Figure 5.48 
and   
Figure 5.49) reveal a skin-core-skin morphology present in PP-IC hinges moulded at 
optimised injection moulding conditions. As the flow enters the centre section of the 
hinge, the isotropic core reduces in thickness (Figure 5.48). On leaving the centre 
section, the core becomes thicker. There is an additional indication of the skin-core-skin 
morphology when viewed under phase contrast. It can also be seen that the elastomeric 
phase in the copolymer is elongated/oriented (  
Figure 5.49), coinciding with the highly oriented ‘skin’ region. 
 
Figure 5.48: Optical micrograph of PP-IC hinge section (viewed under cross polars) processed at 
220°C 
  
Figure 5.49: Optical micrograph of PP-IC hinge section (viewed under phase contrast), processed 
at 220°C 
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Figure 5.50: Effect of injection velocity on toughness of PP-IC hinges (DoE prediction) 
 
FMAX of PP-IC hinges is directly related to Vi (see Figure 5.44). This indicates that at 
higher injection velocities, there is a higher degree of orientation. At higher Vi, the shear 
rates are higher which may contribute to higher orientation. It is evident from Figure 
5.51 and Figure 5.52 that at higher Vi the shear rates produced are higher compared to 
those produced at lower Vi. At 17% Vi the maximum shear rate in the hinge section is 
about 3000 s-1. At a Vi of 25%, this value is more than double, at 6661 s-1, due to higher 
flow rate. 
 
Figure 5.51: Maximum shear rate in the hinge section at 25% injection velocity, just after the melt 
flows through the PP-IC hinge section, as predicted by Moldflow (AMI) is 6660 s-1 
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Figure 5.52: Maximum shear rate in the hinge section at 17% injection velocity, just after the melt 
flows through the PP-IC hinge section, as predicted by Moldflow (AMI) is 2995 s-1 
In summary, it can be said that in the case of PP-IC hinges, FMAX increase with a 
decrease in melt temperature, because of thicker oriented skin being formed at lower 
melt processing temperatures. An increase in Vi causes an increase in FMAX, due to the 
increased orientation achieved at higher Vi possibly due to a higher degree of shear. In 
the next section the DoE output results for PP-IC tension bands is presented and data 
from Moldflow (AMI), optical microscopy and DSC is interpreted. 
5.9.4 PP-IMPACT COPOLYMER TENSION BANDS 
This section discusses the DoE results obtained for PP-IC tension bands.  
 
Figure 5.53: Variation of maximum load (FMAX) of PP-IC tension band, with melt temperature and 
injection velocity 
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From Figure 5.53 and equation 5.10, it can be seen that Tm and Vi are dominant 
variables on FMAX of PP-IC tension bands. 
 
Maximum load (TB) = - 1013 + 6.76 * Tc + 8.98 * Tm +15.6 * Vi + 2.9 * Pp + 14 * tP 
            [5.10] 
 
 
 
Figure 5.54: Effect of melt temperature on ultimate load and toughness of PP-IC tension bands 
(DoE prediction) 
 
From Figure 5.53 it can be seen that in the case of PP-IC tension bands, FMAX increases 
with a decrease in melt temperature and an increase in injection velocity For PP-IC 
tension bands, FMAX increases with decreasing Tm (see Figure 5.54). However, the 
toughness of PP-IC tension bands does not show any significant variation with Tm. From 
the micrographs below (Figure 5.55) it can be seen that PP-IC tension band also has a 
skin-core-skin morphology. As the flow enters the tension band region, the core reduces 
initially and then appears to increase, possibly due to the hesitation of flow occurring 
during mould filling. This effect is also seen when viewed under phase contrast (Figure 
5.56). There is also evidence of elongation of the elastomeric phase especially at the 
polymer melt enters the converging section of the tension band, which is indicating the 
effect of extensional flow on the microstructure. 
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Figure 5.55: Optical micrograph of PP-IC tension band section (viewed under cross polars) 
processed at 220°C 
 
Figure 5.56: Optical micrograph of PP-IC tension band section (viewed under phase contrast) 
processed at 220°C 
For PP-IC tension bands, an increase in injection velocity causes an increase in both 
FMax and toughness (see Figure 5.57). This is possibly due to a similar effect seen in 
PP-H tension bands. From Figure 5.58 it can be seen that as the injection velocity 
decreases, the difference in flow front temperature increases. This indicates that there 
is a higher degree of hesitation occurring at lower injection velocities. At lower injection 
velocities, the flow induced microstructure formed is thought to be more complex, 
causing a double skin effect, due to the hesitation, which may act as a mechanical weak 
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spot. This might be the reason for the increase of FMAX and toughness of PP-IC tension 
bands, with increasing injection velocity. 
 
Figure 5.57: Effect of melt temperature on maximum load and toughness of PP-IC tension bands 
(DoE prediction) 
 
Figure 5.58: Temperature at flow front result predicted by Moldflow for varying injection velocities 
(greater difference in temperature indicates greater degree of hesitation) 
 
The next section deals with DoE results for PP-RC hinges and tension bands. PP-RC is 
discussed in a separate section to PP-H and PP-IC because of the fact that PP-RC has 
slightly different flow properties compared to the other two grades (see Figure 4.1and 
Table 4.1). 
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5.10 DoE PROCESS OPTIMISATION - RANDOM COPOLYMER 
(PP–RC) 
 
As mentioned in section 3.5.1, a 5-factor DoE was implemented on the injection 
moulding process to process PP-RC.  
 
Table 5.6: Ultimate load and toughness values of hinges and tension bands moulded from PP-RC 
  Factor 1 
Factor 
2 
Factor 
3 
Factor 
4 
Factor 
5 
Response  
1 
Response    
2 
Response  
3 
Response     
4 
Code TC (°C) 
Tm 
(°C) 
Vi  
(%) 
PP 
(MPa) 
Pt 
 (s) 
FMAX 
hinge     
(N) 
Toughness 
hinge     
(Nm) 
FMAX       
t-band     
(N) 
Toughness   
t-band      
(Nm) 
1 20 210 26 49 3 260 (2) 85.8 (5) 284 (1) 25.7 (2) 
2 10 220 28 38 2 251 (4) 92 (5) 268 (3) 30.8 (2) 
3 10 220 24 38 4 242 (6) 97.8 (15) 259 (3) 27.2 (3) 
4 10 220 24 60 2 246 (4) 135.8 (13) 293 (3) 22.2 (2) 
5 10 220 28 60 4 258 (1) 144.8 (16) 298 (1) 29.6 (4) 
6 30 220 24 38 2 237 (2) 93.6 (9) 256 (2) 27 (3) 
7 30 220 24 60 4 269 (1) 91.4 (4) 289 (1) 26.6 (2) 
8 30 220 28 60 2 277 (2) 104 (6) 289 (2) 31.4 (1) 
9 30 220 28 38 4 245 (1) 91.4 (5) 258 (1) 28.2 (2) 
10 5 235 26 49 3 259 (1) 108.8 (8) 275 (6) 28.2 (4) 
11 20 235 26 71 3 295 (2) 218.4 (13) 346 (2) 29 (3) 
12 20 235 30 49 3 261 (3) 124.8 (9) 290 (3) 32 (2) 
13 20 235 26 49 1 247 (2) 158.2 (20) 283 (2) 30.2 (2) 
14 20 235 26 49 3 243 (3) 150.6 (15) 284 (4) 34.4 (3) 
14 20 235 26 49 3 243 (3) 150.6 (15) 284 (4) 34.4 (3) 
14 20 235 26 49 3 243 (3) 150.6 (15) 284 (4) 34.4 (3) 
14 20 235 26 49 3 243 (3) 150.6 (15) 284 (4) 34.4 (3) 
14 20 235 26 49 3 243 (3) 150.6 (15) 284 (4) 34.4 (3) 
14 20 235 26 49 3 243 (3) 150.6 (15) 284 (4) 34.4 (3) 
15 20 235 26 49 5 254 (1) 143.8 (16) 286 (2) 29.6 (5) 
16 20 235 26 27 3 217 (4) 107 (10) 266 (3) 30.6 (6) 
17 20 235 22 49 3 239 (1) 136.4 (12) 287 (1) 29.8 (2) 
18 40 235 26 49 3 262 (5) 101.6 (14) 285 (2) 31 (1) 
19 10 250 24 38 2 216 (1) 110.8 (11) 272 (2) 39.2 (5) 
20 10 250 28 60 2 247 (1) 224.2 (31) 303 (1) 44.8 (2) 
21 10 250 24 60 4 264 (3) 184.2 (25) 301 (1) 39.8 (4) 
22 10 250 28 38 4 241 (2) 128.8 (7) 272 (2) 44.6 (4) 
23 30 250 24 60 2 252 (2) 188.6 (9) 299 (2) 43.6 (1) 
24 30 250 28 38 2 243 (6) 128.4 (3) 273 (5) 34.5 (8) 
25 30 250 28 60 4 268 (1) 166.4 (9) 305 (1) 44 (3) 
26 30 250 24 38 4 242 (3) 116.2 (3) 269 (5) 41.4 (8) 
27 20 260 26 49 3 262 (1) 141.8 (6) 289 (1) 41.8 (2) 
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Similar to the other two grades of PP, maximum load (FMAX) and toughness were 
identified as the two important factors or outputs to be studied from process optimisation 
of PP-RC. 27 different process conditions, plus 5 centre points (Code number 14 in 
Table 5.6) were studied in order to optimise the process. Table 5.6 shows the maximum 
load and toughness values, of hinges and tension bands moulded from PP-RC using 
the different process setting combinations. As mentioned in the earlier section, PP-RC 
had slightly different flow properties compared to that of PP-H and PP-IC. As a result, 
the process combination values of the 5 factors of PP-RC were different to that of PP-H 
and PP-IC. 
5.10.1 PP - RANDOM COPOLYMER HINGES 
 
The DoE approach analyses all the measured variables and the software then predicts 
the dependence of the measured variables upon each of the set factors, including 
interactive terms. This section discusses the DoE results for PP-RC hinges. 
 
FMAX hinge = + 152.6 + 0.352 (Tc) - 0.151 (Tm) + 2.21 (Vi) + 1.21 (Pp) + 3.08 (tP)  [5.11] 
 
 
Figure 5.59: Effect of melt temperature on maximum load and toughness of PP-RC hinge (DoE 
prediction) 
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From Figure 5.59 it can be seen that for PP-RC hinges, FMAX increases with an increase 
in Tm and toughness decreases with increasing Tm. However, the magnitude of these 
differences is relatively small, around 6% for FMAX and 9% for toughness. Figure 5.60 
shows a skin-core-skin morphology for PP-RC hinges. Compared to PP-H hinge (Figure 
5.28 Figure 5.29), the core of PP-RC hinge has a finer crystalline structure and smaller 
spherulites. Towards the centre of the hinge section, the core decreases in thickness. In 
this micrograph, as the flow leaves the hinge section, the core is replaced by a ‘double 
skin’ effect being formed, possibly because of hesitation of the polymer melt as it 
passes through and beyond the hinge section. A first skin layer is formed in the hinge 
section until the polymer melt flow starts to hesitate. Then the polymer melt flows and 
fills the area of the cavity with least resistance (away from the thin section). During this 
time, the first skin formed loses heat and is frozen. Once the polymer melt has filled the 
areas of the cavity with least resistance, then the polymer melt encounters the thin 
section again (flow rate Q), and this time, accelerates and flows past the thin section. In 
doing so, it creates a second skin in this region. The interface between this double skin 
is potentially a microstructural defect, a weak spot. This is possibly because the two 
skin layers fuse at different temperatures (first skin is at a lower temperature compared 
to the second skin), and thus their interface is weak. This can be considered similar to 
the analogy of weld lines, which are stronger when two flow fronts meet at higher 
temperature, compared to one with flow fronts meeting at a lower temperature. 
 
Figure 5.60: Optical micrograph of PP-RC hinge section (viewed under cross polars) processed at 
220°C 
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Figure 5.61: Effect of injection velocity on maximum load and toughness of PP-RC hinge (DoE 
prediction) 
FMax for PP-RC hinges decreases with an increase in Vi. This is because, at higher Vi, 
the thickness of the frozen layer is less (see Figure 5.62 and Figure 5.63).  
 
Figure 5.62: Frozen layer fraction for PP-RC hinge moulded at 30% injection speed, as predicted 
by Moldflow (AMI) 
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Figure 5.63: Frozen layer fraction for PP-RC hinge moulded at 22% injection speed, as predicted 
by Moldflow (AMI) 
At 22% injection velocity, 44% of the hinge is predicted to be frozen at the end of fill, 
compared to 34% at 33% Vi. At lower Vi, the polymer melt flows through a given length 
slower, compared to that at higher Vi. This would mean that the total fill time is higher, 
as a result the polymer has more time to cool inside the mould during filling, and thus 
the moulding has a greater skin thickness at lower Vi. This is the reason for FMAX to 
increase with decreasing Vi. 
5.10.2 PP - RANDOM COPOLYMER TENSION BANDS 
 
This section discusses the DoE results for PP-RC tension bands. Equation 5.12 is a 
predictive equation if maximum load for PP-RC tension bands. 
 
FMAX tension bands = + 123 - 0.06 (Tc) + 0.29 (Tm) + 0.71 (Vi) +1.55 * (Pp ) + 0.167 (tP) 
            [5.12] 
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Figure 5.64: Effect of melt temperature on maximum load and toughness of PP-RC tension band 
(DoE prediction) 
 
From Figure 5.64, it can be seen that there is a slight increase in maximum load and a 
larger increase in toughness of PP-RC tension bands, with an increase in melt 
processing temperature. At a melt temperature of 210°C, the ultimate load achieved is 
246N. With a 40°C increase in the melt temperature, FMAX increases by 6%. This slight 
increase in FMAX may be attributed to slightly higher overall thickness of samples 
achieved at higher melt temperature. The thickness of the tension band section 
moulded at 250°C is 0.61 mm and that moulded at 210°C is 0.58 mm. Also it should be 
noted that the dimension (thickness) of the tension band mould cavity is 0.508 ±0.012 
mm. The fact that the thickness of the moulded part is higher than the dimension of the 
mould cavity indicates that the mould was deflecting during the moulding cycle. It can 
also be seen from Figure 5.24 and Figure 5.34, that mould temperature and packing 
time did not have significant effect on the ultimate load of hinges and tension bands of 
PP homopolymer. This trend was true for the PP impact copolymer and PP random 
copolymer.  
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Figure 5.65: Variation of FMAX of PP-RC tension bands with varying mould temperature and 
packing time 
Figure 5.66 shows that PP-RC tension band has a skin-core-skin morphology. The 
structure is finer and the spherulites are smaller compared to PP-H and PP-IC. As the 
melt approaches the tension band, at the converging section, the core reduces in 
thickness and then increases again, suggesting the occurrence of hesitation of flow as it 
reaches the thin tension band section. This causes a complex flow mechanism at the 
entrance to the thin section which affects the microstructure and thus the mechanical 
properties of the tension bands.  
 
Figure 5.66: Optical micrograph of PP-RC tension band section (viewed under cross polars) 
processed at 220°C 
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Figure 5.67: Effect of injection velocity on maximum load and toughness of PP-RC tension band 
(DoE prediction) 
From Figure 5.67, it is seen that FMAX and toughness of PP-IC tension bands is not very 
sensitive to Vi, variation in properties are less than 3% in the case of FMAX and for 
toughness its less than 7%. This may be because of the narrow range of Vi under 
investigation. The selected Vi range may be too narrow to show any significant changes 
in FMAX and toughness. Structural effects were not therefore investigated. 
5.11 DoE PROCESS OPTIMISATION – SUMMARY 
 
This section discussed the various criteria considered in order to determine the 
optimised process conditions for injection moulding of hinges and tension bands (for 
PP-H, PP-IC and PP-RC) using the instrumented mould tool. The optimised process 
conditions for the 3 PP grades are presented in Table 5.7. 
 
Figure 5.68 shows the various criteria considered for optimising the injection moulding 
of hinge (PP-H). From the mechanical (performance) point of view, the aim was to 
maximise the maximum load (FMAX) and toughness of the hinges and tension bands. 
From a processing point of view (industrial economics point), it was important to keep 
the cycle time as low as possible without compromising the quality of the product. With 
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this in mind for the optimisation the processing criteria were set to minimise the melt 
and mould temperature and maximise the injection velocity. Also from the tensile tests 
conducted, it could be seen that lower melt temperature and higher injection favoured 
an increase of the maximum load. All this contributed to the added advantage of 
reduced cycle time. 
 
 
Figure 5.68: Process optimisation criteria for PP-H injection moulded hinge 
 
The optimisation steps/procedures were repeated for both hinges and tension bands, 
for all the 3 PP grades under investigation. For all the 3 PP grades processing of hinges 
and tension bands were optimised separately. Table 5.7 shows the optimised injection 
moulding settings achieved from Design Expert 8.0.4 software, for manufacturing 
hinges and tension bands, using the 3 PP grades investigated, using the instrumented 
hinge and tension band Unilever mould. 
Desirability is an objective function that ranges from zero outside of the limits to one at 
the goal. The goal of optimization is to find a good set of conditions that will meet all the 
set goals. A higher desirability is preferred. However, this does not mean that always 
the optimum conditions should have a desirability value close to 1.0. 
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Table 5.7: Optimised processing conditions for the 3 PP grades under investigation 
Optimised 
process 
condition 
PP type Tc (°C) 
Tm 
(°C) 
Vi      
(mm s-1) 
PP 
(MPa)
tP  
(s) 
FMAX  
(N) 
U 
(Nm) Desirability 
Hinge PP-H 10 220 18.4 50 3 338 90 0.91 
Tension 
band 
PP-H 10 220 18.4 50 3 353 14 0.750 
Hinge  PP-IC 10 220 18.4 20 3 309 67 0.888 
Tension 
band 
PP-IC 10 220 18.4 20 3 298 15 0.726 
Hinge  PP-RC 10 220 20.8 60 3 262 158 0.811 
Tension 
band 
PP-RC 10 220 20.8 60 3 300 32 0.741 
 
In the case of hinges and tension bands, it is seen that conditions that increase the skin 
thickness also increases the mechanical properties (FMAX). However this increase in 
properties is observed so long as there is only a single, homogenous skin layer. When 
there is formation of double skin, there is some evidence that the increase in skin 
thickness does not increase mechanical properties, because the interface where the 
two skins meet is thought to be a microstructural defect within the thin section.  
 
The next chapter discusses about PP-clay nanocomposites. The effect of nanoclay on 
the mechanical properties of thin wall injection moulding components (hinges and 
tension bands) is discussed and the results obtained from tensile testing of these 
mouldings are presented. 
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6. RESULTS AND DISCUSSION POLYPROPYLENE 
CLAY NANO-COMPOSITES (PPCN’s) 
 
As a part of the PhD study, the potential use of PP clay nano-composites in moulding 
thin walled injection moulded components (hinges and tension bands) was investigated. 
Polymer nano-composites contain nanoscopic inorganic particles (typically 1 to 10 nm in 
at least one dimension) dispersed in an organic polymer matrix. The idea behind this 
study was to investigate possibility of using PPCN’s to mould closures for Unilever 
products. Since no previous studies were reported on the use of PPCN’s in closures 
containing a hinge and tension band mechanism, this study was worth pursuing. Any 
improvement in mechanical property brought about with the use of nano-composites 
may mean that there is possibility of down gauging (weight reduction) of the part. Any 
weight reduction of the closure (without compromising the mechanical properties), 
would enhance the sustainability aspect of manufacturing closures for Unilever. This in 
turn could also save a lot of money for Unilever’s business, as less material is needed 
to mould the closures.  
The results obtained from the PPCN’s study are presented in this chapter. Experiments 
as described in section 3.3.9 were conducted and the results obtained from these are 
discussed below. 
6.1 PPCN STAGE 1 – EFFECT OF ERUCAMIDE 
CONCENTRATION ON YIELD STRESS (TENSION TEST) 
 
Stage 1 and stage 2 are pre-work done at Loughborough University under the 
supervision of Mr Aravind Mullath and Mr Barry Haworth. The work was assigned as a 
mini-project for two students from Singapore Polytechnic (Melvin N and Melvin A). Due 
to the confidentiality aspect of the project, the pre-work study could not be done on the 
hinges and tension bands. This is the reason why conventional tensile test specimens 
were used in this pre work study (stage 1 – stage 2). Nevertheless, the findings from 
this pre-work study (optimised formulations) could be used in the main study. 
The aim of stage 1 was to determine the effect of erucamide % on the yield stress in the 
PPCN’s. Also this study was conducted to determine the optimum ratio of erucamide to 
be used in the formulations (i.e. the optimum percentage of weight of erucamide with 
respect to that of percentage of weight clay to be used in the formulations) For all the 
206 
 
formulations in this study (stage 1), the ratio of clay : compatibliser was kept constant at 
0.3:1. The ratio of erucamide was increased from 0.25% to1% (see Table 3.3). The clay 
used in this study Cloisite15-A, is an organically modified clay (OMMT). The surface of 
the clay is modified with dimethyl dehydrogenated tallow ammonium ions (see Appendix 
section A4). This treatment helps in making the clay more organophillic. The composite 
matrix, in this study is PP. PP is non-polar, and the organic modification alone on the 
clay surface is insufficient to make it compatible with PP. Thus a compatibliser is used. 
PP-g-MAH is the most commonly used compatibliser in PPPCN’s. PP-g-MAH has an 
anhydride and a carboxyl group which interacts with the OMMT. The PP in PP-g-MAH is 
compatible with the PP matrix in the PPCN. In a study conducted by Ratnayake et al it 
is reported that the use of OMMT in preparation of PPCN causes an increase in the 
inter layer spacing of clay platelets. According to Ratnayake et al, the interlayer spacing 
of un modified MMT was 1.22 nm and those of OMMT were 3.02 nm.  
 
 
Figure 6.1: Variation of σy( yield stress) of tensile test specimens, with varying percentage of 
erucamide (clay and PP-g-MAH quantity kept constant at 0.3:1) (results presented are average 
values of 10 samples tested) 
They had also investigated the effect of an amide compound (erucamide) on the 
intercalation of the clay particles, and found that the presence of erucamide further 
increased the clay spacing to 3.42 nm [105,106]. This was the reason for using 
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erucamide and PP-g-MAH in the PPCN study.Tensile test specimens moulded with 
formulations containing varying erucamide content were tensile tested at a cross head 
speed of 50mm min-1. The results are presented in Figure 6.1 
 
Figure 6.1 shows that the yield stress reaches an optimum of 33 MPa at 0.25% addition 
of erucamide, for the range of erucamide percentages under investigation. Samples 
moulded from formulations without erucamide, had a yield stress of 30 MPa. 0.25% of 
erucamide caused a 10% increase in the yield stress. After reaching an optimum value 
at at 0.25% erucamide, yield stress values seem to drop and level off to 30 MPa. Above 
0.25% erucamide content, the yield stress values were comparable to that of the PPCN 
without erucamide. The improvements in the yield stress with the presence of 
erucamide could be attributed to the increased interlayer spacing of clay. The fact that 
erucamide has short chain lengths, makes it easier for these molecules to penetrate into 
the clay platelets. This then also allows some PP molecules to enter the region between 
the clay platelets, thus causing an increase in intercalation. Additionally, the polar 
interaction between the maleic anhydride group of PP-g-MAH and the layered silicate 
(OMMT) also helps in achieving intercalation [105] [107]. Based on the above findings, 
the optimum ratio of erucamid to be used in the formulations was set at 0.25% (i.e. 
0.25% weight erucamide per 0.3% weight of clay). 
 
6.2 PPCN’s STAGE 2 – DETERMINATION OF OPTIMUM CLAY 
AND COMPATIBLISER CONCENTRATION 
 
The aim of this experiment was to optimise the percentage of clay and PP-g-MAH to be 
used in the formulations. Tensile test specimens moulded with formulations containing 
varying clay and PP-g-MAH contents (see Table 3.4) were tested at a cross head speed 
of 50mm min-1. The quantities of clay and compatibliser were varied in such a manner 
that, in all the stage 2 formulations, the clay:compatibliser ratio remained unchanged at 
0.3:1 The ratio of erucamide was kept constant at a value of 0.25%, based upon the 
results from 6.1. 
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Figure 6.2: Variation of σy(yield stress) of tensile test specimens, with varying percentage of clay 
and PP-g-MAH (erucamide quantity kept constant at 0.25%) (results presented are average values 
of 10 samples tested) 
 
From Figure 6.2 it can be seen that a 0.6% clay loading (0.6% weight clay), causes a 
13% increase in σy (yield stress), compared to that of virgin unreinforced PP. For the 
range of clay and PP-g-MAH ratios under investigation, the maximum value of yield 
stress is achieved at 0.6% clay. Above 0.6% clay, the σy value starts decreasing and 
levels off at 32 MPa. The reason for a leveling off in yield stress after a certain % weight 
of clay loading could be attributed to the formation of clay agglomerates, at higher clay 
loading. According to Elleithy et al [108], the agglomerates in PPCN act as stress 
concentration areas. When subject to a load, the agglomerate will cause premature 
failure of the part. Organic modification of the clay surface, improves the interaction 
between the clay and the PP matrix, thus helping to prevent agglomeration of the clay 
particles. Nayak and Sharma [109] had studied the effect of various types of OMMT on 
the mechanical properties of PPCN. They found that the tensile strength and tensile 
modulus of PPCN with OMMT’s were higher compared to that of those containing 
untreated nano-clays [109]. 
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 In their study, Elleithy et al [108] also reported a decrease in crystallinity % of PPCN 
with increasing clay addition. The same logic could explain the trend seen in Figure 6.2. 
In a PPCN system, at the interface between the filler (nano-clay) and the matrix (PP), 
the molecular motion of the PP chains is greatly restricted by the presence of clay 
particles. Thus at a higher clay loading, there is greater resistance to the mobility of PP 
chains, as a result hindering crystal growth and reducing the percentage crystalinity  
[109, 110]. 
Based on results obtained in stage 2, the optimum quantity of clay:PP-g-MAH was 0.6:1 
However, compared to previous studies done at Loughborough University on PPNC 
[105, 111], this ratio seemed to be low, in other words the quantity of clay present in the 
system was low. As a result, it was decided to increase the clay concentration in the 
system, so as to achieve equal proportions of clay and compatibliser in the formulations. 
Also from Figure 6.2 it can be seen that there is just a 1 MPa difference in yield stress 
values achieved by increasing the clay weight % from 0.6% to 0.9%. Taking into 
consideration the above mentioned points, for the further study, it was decided to fix the 
ratio of clay:compatibliser at 1:1.  
It was already determined from the stage 1 study (Section 6.1), that for 0.3 weight % of 
clay, 0.25 weight % ericamide would be used in the formulations. Therefore based on 
the findings from stage 1 and stage 2, it was decided that the optimum ratio of 
clay:compatibliser:erucamide to be used for further PPCN formulation (PPCN study on 
hinge and tension bands), be fixed at 1:1:0.75 
 
6.3 PPCN HINGES AND TENSION BANDS – EFFECT OF 
ERUCAMIDE ADDITION 
 
Based on the findings from the initial set of work, two more series of experiments with 
and without erucamide (slip agent and intercalant) were conducted, with virgin PP-H as 
control. The aim of this experiment was to see the effect of erucamide on the 
mechanical properties of hinges and tension bands. The Unilever tool was used to 
mould PPNC hinges and tension bands.  
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Figure 6.3: Variation of FMAX (N) of PPCN’s hinges with varying clay and compatibliser 
composition, weight fraction (no erucamide added) (results presented are average values of 10 
samples tested) 
 
 
Figure 6.4: Variation of FMAX of PPCN’s hinges with varying clay, compatibiliser and erucamide 
compositions weight fraction (in fixed proportions) (results presented are average values of 10 
samples tested) 
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Figure 6.5: Variation of FMAX of PPCN’s tension bands with varying clay compatbliser composition, 
weight fraction (no erucamide added) (results presented are average values of 10 samples tested) 
 
 
Figure 6.6: Variation of FMAX of PPCN’s tension bands with varying clay, compatbliser and 
erucamide composition, weight fraction (in fixed proportions) (results presented are average 
values of 10 samples tested) 
 
Mouldings were produced as described in section 3.3.9. In one set of the formulation 
the clay : compatibliser ratio was fixed at 1:1 (no erucamide), and their quantities varied 
in equal proportions up to 5 weight % clay (see Table 3.5).In the other set of 
formulations the clay : compatibliser : erucamide ratio fixed at 1:1:0.75, and the 
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quantities of these in the system were varied in equal proportions up to 5 weight % clay 
(see Table 3.6). Compounding was carried out using a twin screw extruder (temperature 
profile on twin screw extruder 205°C, 200°C, 195°C, 190°C, 185°C, 180°C) at a screw 
speed of 300rpm. For injection moulding, a mould temperature and melt temperature of 
20°C and 230°C were used. Injection velocity was 16.8 mm s-1 and a packing pressure 
of 35 MPa was set for 3s. 
The control sample is hinges and tension bands produced from virgin PP-H, which is 
directly subjected to injection moulding. All the other formulations were compounded 
using a twin screw extruder (see Figure 3.2 and Section 3.1.2). A comparison of Figure 
6.3 and Figure 6.4 show that the FMAX for hinges are higher in the formulations which 
does not contain any erucamide. However, compared to the maximum load of the 
control, the addition of nano-clays has not caused any improvement in the mechanical 
properties of either sets of formulations. There is no significant differences between the 
mechanical properties of any of the formulations. 
Comparison of Figure 6.5 and Figure 6.6 show that the PPCN tension bands follow a 
similar trend to that of PPCN hinges. Samples moulded without erucamide have 
generally higher ultimate load compared to the ones with erucamide. Also in the case of 
PPNC’s tension bands, the addition of nano-clay has not caused any significant 
increase in the mechanical properties. Similar to the trend seen for PPCN hinges, FMax 
for tension bands is also highest for mouldings produced from neat PP-H. (Sample 
calculation of converting weight fraction into volume fraction is shown in APPENDIX 
section G1). 
 
Figure 6.7: Variation of σy (yield stress) of PPCN's hinges with varying clay % (volume fraction) 
(results presented are average values of 10 samples tested, the errors are too small to notice) 
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Figure 6.8: Variation of σy (yield stress) of PPCN's tension bands with varying clay % (volume 
fraction) (results presented are average values of 10 samples tested, the errors are too small to 
notice) 
 
From Figure 6.7 and Figure 6.8, it can be seen that in the case of both PPCN hinges 
and tension bands, there is no significant differences between the σy of any of the 
formulations. The σy values of control is slightly higher than those containing nanoclay. 
This is true in case of PPCN hinges and PPCN tension bands. The reason for this 
because the control samples (samples without clay) were directly injection moulded, 
whereas all the other formulations were subject to compounding in a twin screw 
extruder, before moulding the hinges and tension bands. This extra processing step 
adds an extra thermal cycle to the compounds thereby causing a slight reduction in 
mechanical properties.  
However the most important observation is the value of σy control hinge and tension 
band compared to the supplier specified σy for PP-H. The supplier specified σy for PP-H 
is 34 MPa (see APPENDIX section A1). In the case of hinges and tension bands 
moulded from neat PP-H, the σy values are 68 MPa and 58 MPa respectively. Similar 
improvement in tensile strength (3 fold increase compared to that of commercially 
available PP) of thin walled injection moulded PP components, were reported by Stern 
et al [112]. In their study, Stern et al attributed this increase in the mechanical properties 
to highly oriented shish kebab structures in thin walled injection moulded PP 
components. This proves the point that in the current study, the polymer is already 
34
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highly oriented (because of the geometry of the hinge and tension band sections), even 
before the addition of clay. This suggests that in the case of hinges and tension bands, 
the orientation of the polymer molecules in the thin sections is more dominant in 
improving the tensile properties. This would mask any improvement in tensile properties 
caused by the nanoclays. 
 
 
Figure 6.9: Variation of toughness of PPCN hinges with varying clay concentration (volume 
fraction clay) (results presented are average values of 10 samples tested) 
 
Figure 6.10: Variation of toughness of PPCN tension bands with varying clay concentration 
(volume fraction clay) (results presented are average values of 10 samples tested) 
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From Figure 6.9 and Figure 6.10, it can be seen, as expected that for both hinges and 
tension bands the toughness reduces with increasing clay concentration. In the case of 
PPCN hinges, at 5% clay loading, there is a 41% reduction in toughness, compared to 
that of the control. For PPNC’s tension bands with 5% clay loading, there is 25% 
reduction in toughness, compared to the toughness of the control  
 
Similar results have been reported in previous studies conducted by Saminathan et al 
[113] where the maximum strain reduced with increasing clay concentration. The 
interaction between the clay and the polymer restricts the motion of polymer chain, and 
as a result decreasing the strain at break of the PPCN. This in turn reduces the 
toughness. Figure 6.11 and Figure 6.12 show the strain at break of PPCN hinges and 
tension bands respectively. One random sample was picked from each formulation, and 
the strain at break was noted. From Figure 6.11 and Figure 6.12 it can be seen that a 
similar trend (reduction in strain at break with increasing clay content) to that observed 
by Saminathan et al is observed here, both in the case of hinges and tension bands. 
This explains the reduction in toughness of PPNC with increasing clay concentration. 
 
Figure 6.11:Variation of strain at break of PPCN hinges with varying clay concentration (volume 
fraction clay) (results presented are average values of 10 samples tested) 
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Figure 6.12: Variation of strain at break of PPCN tension bands with varying clay concentration 
(volume fraction clay) (results presented are average values of 10 samples tested) 
6.4 XRD ANALYSIS OF PP NANOCOMPOSITES 
 
XRD analysis was performed on samples cut from the bulk of the injection moulded 
hinge and tension band mouldings. XRD analysis was conducted by scanning over a 2θ 
range of 1° - 10°.Samples cut from the bulk section (Figure 3.52) of the mouldings of all 
the formulations were subject to X-ray analysis. The pure nano-clay (Cloisite 15A) was 
also subject to XRD analysis and was used as the reference material.  
 
 
Figure 6.13: X-ray diffraction pattern of PPCN’s with varying nano-clay and compatibliser 
quantities (without erucamide) (pure clay, Cloisite 15-A is the reference) 
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XRD is a technique that works on the principle of Bragg’s law of diffraction, and is used 
in characterisation of polymer nanocomposites. From Bragg’s law (see equation 3.8) it 
can be seen that for a given wavelength, d is inversely proportional to θ. In other words, 
for a given wavelength, greater the inter layer spacing between the clay platelets (d), 
smaller will be the value of θ. This means any shift in the θ towards a lower value would 
suggest intercalation, i.e. there is an increase in the inter-layer spacing of the clay 
particles. The location of the diffraction peaks are related to the d spacing of the families 
of lattice planes, i.e. the position of the XRD peak is determined by the lattice structure. 
XRD analysis was carried out on various PPCN formulations to identify the occurrence 
of any intercalation of the nanoclay particles. 
It has been reported in literature that XRD analysis of organic modified clays can show 
three (001, 002 and 003 diffraction peaks) distinct diffraction peaks [114]. From Figure 
6.13 and Figure 6.14 it can be seen that the grade of OMMT (Cloisite 15- A) used in the 
PhD study, also gives rise to three distinct diffraction peaks. 
 
 
Figure 6.14: X-ray diffraction pattern of PPCN’s with varying nano-clay and compatibliser 
quantities (pure clay is the reference 
 
Table 6.1 and Table 6.2 show the d001 peak position and the calculated inter layer 
spacing for various formulations of PPCN’s investigated in this project. An example 
calculation is shown in APPENDIX section G2. 
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Table 6.1: Effect of clay, compatibliser and co-intercalant on the inert layer spacing of clay in 
PPCN’s 
Clay composition Bragg angle 
 (2θ) 
Inter layer spacing, d 
 (nm) 
Cloisite 15-A 2.44 3.61 
0E, 1C 2.75 3.22 
0E, 2C 2.67 3.3 
0E, 3C 2.61 3.37 
0E, 4C 2.68 3.29 
0E, 5C 2.63 3.36 
 
Table 6.2: Effect of clay and compatibliser on the interlayer spacing of clay in PPCN’s 
Clay composition Bragg angle  
(2θ) 
Inter layer spacing  
(nm) 
Cloisite 15-A 2.44 3.61 
0.75E, 1C 2.77 3.18 
1.5E, 2C 2.85 3.09 
2.25E, 3C 2.79 3.17 
3E, 4C 2.93 3.0 
3.75E, 5C 2.79 3.17 
 
Figure 6.13 and Figure 6.14 are XRD patterns for various PPCN formulations under 
investigation. The dotted trace (red) indicates the pattern achieved for the nano-clay 
(Cloisite 15-A) as supplied, which was used as the reinforcing filler. In the case of 
formulations without erucamide (Figure 6.13) and the intensities of the first diffraction 
peak (001 peak), increases with increasing clay content. This possibly indicates the 
presence of large clay tactoids present in the PPCN at high clay loading. Similar trends 
of d001 shifting to higher angles in PPCN compared to that of clay has been reported by 
Palza and Vergara [115]. They had used Cloisite 20 A with PP-g-MAH as compatibliser, 
and they observed a decreased the intre-layer spacing from 2.47 nm to 1.85 nm. In their 
report, they had mentioned that the degradation of the organic compounds or 
evaporation of water molecules from clay interlayers are potential reasons for clay 
collapse. Similar findings are reported by Bhattacharyya et al [114]. From Figure 6.13 
that it can also be seen that with a decrease in clay content, there is a broadening effect 
noticed on the second (002 peak) and third (003 peak) diffraction peaks. According to 
Bhattacharyya et al [114], this is probably indication the separation of clay tactoids into 
thinner stacks, more likely to be caused at lower clay loading. However, the 
enhancement of peak intensities (001 peak) of formulations with erucamide, is less 
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clear (Figure 6.14). Compared to the d001 peak observed for Cloisite 15-A, the 
corresponding d001 peaks for the other formulations have shifted to a higher 2θ value. 
This is true in the case of both, formulations with and without erucamide. The interlayer 
spacing between the clay platelets is calculated using the formula d = nλ/2sinθ (see 
section 3.7.1, and APPENDIX section G2). Since ‘n’ is inversely proportional to ‘θ’, a 
shift in the diffraction peak to a higher value of 2θ implies a decrease in the interlayer 
spacing between the clay platelets. In other words there is no intercalation evident from 
the XRD results. 
From Figure 6.13 and Table 6.1, it can be seen that, the presence of clay and 
compatibliser does not cause an increase in the inter-layer d001 spacing of the clay 
particles in the composite system. On the contrary, compared to the pure clay, the inter 
layer d001 spacing of the clay in the system appears to be reduced. From Figure 6.14 
and Table 6.2, it can be seen that the addition of the co-intercalant to the PPCN’s 
system has not caused any increase in the inter-layer spacing of the clay particles 
either. The addition of co-intercalant has caused further reduction of the inter layer 
spacing of the clay particles in the PPCN system. During compounding using twin screw 
extruder, compaction and agglomeration of clay particles may occur. Also at higher 
processing temperatures (205°C and 300 rpm during compounding and 230°C injection 
moulding), the thermal stability of organo-coating on the clay may be low, leading to the 
loss or thermal degradation of the organo-coating. Wei et al [116] has conducted a 
study on the thermal degradation of alkyl quaternary ammonium montmorillonite. They 
found that the chemical degradation of alkylammonium surfactants occurs around 
180°C. All these could contribute to a reduction in the interlayer spacing. From previous 
studies conducted, it is recommended to use of techniques such as TEM, in addition to 
XRD, to evaluate intercalation or exfoliation behaviour in PPCN [114]. 
6.5 TEM ANALYSIS OF PP NANOCOMPOSITES 
 
Transmission electron microscopic (TEM) analysis was carried out to determine the 
dispersion and distribution of the nanoclay in the PP matrix. From the mouldings, 
sections were cut from the hinge, tension band and from region away from the 
hinge/tension band (i.e. bulk of the moulding),(see Figure 3.52) and subject to TEM 
analysis. Samples moulded from the formulations (0E 2C) and (1.5E 2C) were analysed 
by TEM.  
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From Figure 6.15 it can be seen that for samples moulded from formulation containing 
just clay and no erucamide, the clay particles are highly oriented along the flow 
direction. There is also good distribution of the clay particles in the system. A similar 
effect is also noticed in hinges and tension bands moulded from formulations containing 
clay and erucamide (Figure 6.16). This in-turn suggests the presence of high degree of 
orientation of the polymer molecules in the hinge and tension band sections. 
 
 
Figure 6.15: TEM images of hinge, tension band and bulk section moulded from PP formulation 
containing 2 % (weight %) clay and no erucamide (flow direction is indicated by the red arrows) 
 
 
Figure 6.16: TEM images of hinge, tension band and bulk section moulded from PP formulation 
containing 2 % (weight %) clay and 1.5 % (weight %) erucamide (flow direction is indicated by red 
arrows) 
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Figure 6.17: TEM images of hinge and tension band pulled at 250 N (PP formulation containing 2% 
(weight %) clay and no erucamide)(flow direction is indicated by red arrows) 
 
 
Figure 6.18: TEM images of hinge and tension band pulled at 250 N (PP formulation containing 2% 
(weight%) clay and 1.5% (weight%) erucamide)(flow direction is indicated by red arrows) 
 
Figure 6.17 and Figure 6.18 are TEM images of PPNC hinges and tension bands 
obtained after subjecting them to a tensile force of 250 N. These images were taken to 
see if there was any delamination occurring to the clay particles during tensile testing. 
This study was done to identify any signs of delamination of the clay particles, which 
may have occurred during tensile testing. Any delamination which occurs would explain 
the reason for nano-clay not having caused any improvement in the mechanical 
properties (yield stress) of PPCN’s. However, from the above TEM images, there is no 
sign of delamination which is evident. 
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Figure 6.19: A collection of TEM micrographs of various formulations of PPCN, showing the clay 
stack thicknesses (red arrows) and exfoliation (green arrows) (flow direction is indicated by 
yellow arrows) 
From Figure 6.19, it can be seen that for the PPCN formulations (with and without 
erucamide) examined under TEM, there is some extent of exfoliation of the clay that is 
achieved (indicated by green arrows). However it can be seen that intercalation 
behaviour is predominant. This is true both in the case of hinges and tension bands. 
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Figure 6.20: High resolution TEM micrograph of PPCN formulation (0E 2C Bulk section of 
moulding) indicating inter layer spacing of clay layer in a clay tactoid (flow direction is indicated 
by yellow arrow) 
 
Figure 6.20 is a TEM micrograph of PPCN formulation (0E 2C), at a higher 
magnification. Figure 6.20 shows evidence of intercalation of the clay particles. It can 
also be seen that the inter layer spacing between the individual clay platelets is 2.74 
nm. For the same formulation, the inter layer spacing (d001) calculated by XRD was 3.3 
nm (See Table 6.1). The d001 for pure Cloisite 15-A as supplied is 3.3 nm (See Table 
6.1). Thus both XRD and TEM results suggest that there is a decrease in d001 of the 
clay in the PPCN. Similar tresnds were noticed by Bhattacharyya et al [114] had found a 
similar reduction in the interlayer spacing of clay in their study. They had reported that 
this reduction is attributed to thermal degradation of the organo layer of the clay 
occurring during processing at high temperatures (210°C and 100 – 200 rpm during 
compounding). A similar effect (i.e. the loss of the organo coating of the clay occurring 
at high processing temperatures) could be occurring in the current study which may be 
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causing a reduction in the interlayer spacing of the clay platelets in the PPCN. In the 
current study, the highest processing temperature used during compounding and 
subsequent injection moulding was 205°C and 230°C respectively. An rpm of 300 was 
used in the current study during compounding. 
Another reason for not achieving any improvement in mechanical properties (σ) of 
PPCN hinges and tension bands may possibly be related to the geometry of these 
sections. Since hinges and tension bands are thin walled components, polymer 
molecules flowing through these sections are highly oriented, and effect of polymer 
orientation (See Figure 5.28,Figure 5.31 andFigure 5.37) appears to be more dominant 
in causing improvement in (σy) compared to the effect produced by nano-clays. 
 
Overall from the PPCN study it can be concluded that there is good dispersion and 
distribution of the nano-clay in the PP matrix. There is some exfoliation of the nanocaly 
evident from TEM results. TEM also shows that the nano-clay particles are highly 
oriented in the flow direction. The XRD results show that the interlayer spacing between 
the individual clay layers in the PPCN formulations has decreased, compared to that of 
pure clay as provided (Cloisite 15-A) The addition of nanoclay does not improve the 
mechanical properties (σy) of PPNC. This is because of the fact that there is a high level 
of polymer orientation already achieved, even before the addition of nanoclays, in the 
hinges and tension bands (thin walled injection moulded components). This high degree 
of polymer orientation improves the mechanical properties (σy of PP-H hinges and 
tension bands achieved is twice as much as the value stated in the data sheet), 
masking any improvement in the mechanical properties brought about by the addition of 
nanoclays. The effects of oxygen barrier in PPCN have not considered in this study. 
This would be a recommendation for future work, as PPCN has a greater potential of 
increasing the barrier properties, and this might be of interest to Unilever, who are the 
sponsors of this project. The next chapter will consider the effects of re-processed PP 
and post-consumer recyclate PP on the mechanical properties of injection moulded 
hinges and tension bands. 
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7. RESULTS AND DISCUSSION POST CONSUMER 
RECYCLATE 
 
In this section, results obtained from the tensile testing of injection moulded hinges and 
tension bands produced from re-processed PP and post post-consumer-recyclate PP is 
presented. The objectives of this study were to identify any possibilities of using 
reprocessed PP (runner waste from mouldings) or post consumer recyclate PP, to 
mould closures with a hinge and tension band mechanism, to be used on bottles for 
Unilever products. PP-IC, which is a heterophasic copolymer containing ethylene and 
slip and anti-static agents, was used for the re-processed study, as this was expected to 
show the maximum variation in elongation at break, compared to the other grades of PP 
under investigation. It is an injection moulding grade used for moulding beverage 
closures exhibiting good stiffness and impact strength. Hinges and tension bands (using 
the instrumented mould tool see Figure 3.28) were moulded using virgin PP-IC. These 
mouldings were granulated in order to produce reprocessed PP-IC. Compounds used 
for the reprocessed study were prepared by physically mixing virgin PP-IC and 
reprocessed PP-IC at different ratios. Reprocessing (just one time) did not show any 
significant difference in FMAX and elongation at break of reprocessed hinges and tension 
band, compared to that of hinges and tension bands produced from virgin PP-IC. Hence 
it was decided to investigate the mechanical properties of hinges and tension bands 
moulded from PP-IC subject to reprocessing more than once (3 times). The process of 
moulding and shredding were repeated to obtain granules which were reprocessed 
three times. 
 
Since there was no reported work on using post-consumer recyclate PP (PCR-PP) to 
mould closures containing a hinge and tension band mechanism, it was decided to 
investigate if there was any potential for moulding closures for Unilever products using 
PCR-PP. As PP-H was the grade extensively used by Unilever, for moulding caps and 
closures for their products, this was used in the recyclate study. The PCR - PP was 
sourced from Biffa Polymers UK, in the form of flakes. The PCR-PP grade provided was 
produced from rigid mixed plastic obtained from used pots, tubs and trays. In this 
project, the term reprocessed is not to be confused or interchanged with recyclate. 
Reprocessed refers to virgin PP-IC material that has been subjected to repeated 
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injection moulding and injection moulding (from example, the runner system or rejected 
mouldings from virgin PP-IC were shredded and reintroduced into the injection moulding 
loop, by mixing with virgin PP-IC). Recyclate refers to PCR-PP that was sourced form 
Biffa Polymers. Since the flakes of PCR-PP received were too big, it was decided to 
shred the flakes using a granulator prior to compounding. The compounder had two loss 
in weight feeders, one of which was used to feed virgin PP-H and the other was used to 
feed PCR-PP at controlled rates, so as to produce PCR-PP in pellet from. For 
compounding a temperature profile of 200°C, 195°C, 190°C, 185°C, 180°C and 175°C 
was used and the screw rpm was set to 200. For injection moulding of reprocessed and 
recyclate samples, a mould temperature and melt temperature of 20°C and 230°C were 
used. The injection velocity was 16.8 mm s-1 and a packing pressure of 35 MPa was set 
for 3s. Compounds for injection moulding reprocessed and recyclate mouldings were 
prepared by physically mixing in a bag, the different granules prepared, in the required 
proportions. 
 
Table 7.1: PP grades used for the re-processed and recyclate study 
Study Materials 
Re-processed (once) Virgin PP-IC + PP-IC reprocessed one time 
Re-processed (thrice) Vigin PP-IC + PP-IC reprocessed three times 
Recyclate Virgin PP-H + Post consumer recyclate PP (PCR-PP) 
 
7.1 EFFECT OF RE-PROCESSED PP-IC ON MOULDABILITY 
AND MECHANICAL PROPERTIES OF PP-IC 
 
The effect of reprocessing PP-IC on the processing and mechanical properties are 
discussed below. 
7.1.1 INFLUENCE OF PROCESSING BEHAVIOUR 
In this section the effect of reprocessing (repeated shredding and injection moulding), 
on the MFI and viscosity of PP-IC is discussed. 
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Figure 7.1: Variation of MFI of PP-IC with number of times of re-processing (results presented are 
average values of 5 samples tested) 
 
 
Figure 7.2: Variation of viscosity of PP-IC with number of times of re-processing (results 
presented are average values of 5 samples tested) 
Figure 7.1 shows that the MFI values increase, with an increase in the number of times 
of re-processing (granulating and injection moulding) the material. Similar findings of an 
increase in MFI values with the increase in number of times of reprocessing of PP were 
reported by Scott et al [117]. From Figure 7.2 it can be seen that the viscosity of the 
polymer decreases with an increase in the number of times of re-processing 
(granulating and injection moulding). As molecular weight increase, the number of 
entanglements per chain also increases. This was proved and reported in a study 
conducted by Stern et al [112]. The entanglements in turn restrict the polymer chain 
mobility thus increasing the viscosity. In the current study, with an increase in the total 
thermal history, there is potentially an increase in chain scission taking place, thus 
causing a reduction in molecular weight which in turn causes a reduction in viscosity 
[118]. 
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7.1.2 INFLUENCE ON MECHANICAL PROPERTIES 
 
In this section results obtained from the mechanical testing of hinges and tension bands 
moulded from compounds containing various proportions of re-processed PP-IC is 
presented. The percentage of re-processed material was varied from 10 to 100. This 
was done to identify and recommend the optimum amount of re-processed material 
which Unilever could use in moulding closures for their products, without reduction in 
mechanical properties. Samples moulded from 100% virgin PP-IC were used as control. 
 
 
Figure 7. 3: Variation of ultimate load of PP-IC hinges with varying % of re-processed PP-IC 
(results presented are average values of 5 samples tested) 
 
Figure 7.4: Variation of ultimate load of PP-IC tension band with varying % of re-processed PP-IC 
(results presented are average values of 5 samples tested) 
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Figure 7.5: Variation of elongation at break of PP-IC hinges with varying % of re-processed PP-IC 
(results presented are average values of 5 samples tested) 
 
Figure 7.6: Variation of elongation at break of PP-IC tension bands with varying % of re-processed 
PP-IC (results presented are average values of 5 samples tested) 
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From the testing conducted on re-processing of virgin PP-IC (see Figure 7. 3 to Figure 
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value of 50% re-processed material (50% re-processed PP : 50 % virgin PP), the 
ultimate load and elongation at break of hinges and tension bands do not vary 
significantly compared to samples produced from 100% virgin PP-IC. This holds true 
even for samples moulded from PP-IC which was subject to re-processing 3 times. As 
the polymer is re-processed, there is potential chain scission taking place in the polymer 
molecules. So with an increase in re-processing step, there is a reduction of Mw and 
chain entanglements in the polymer. Reduction in molecular weight in injection moulded 
styrenic maleic anhydride composites, as a result of repeated processing has been 
reported in a study conducted by Hashemi et al [119]. Wang et al [120] have reported 
an increase in both MFI values and chain scission, with increase in the number times of 
reprocessing noticed by, in a study conducted on reprocessing effects on 
polypropylene/ethylene octene copolymer blends. The occurance of chain scission due 
to repeated injection moulding of PP-impact copolymer was reported by Elloumi et al 
[121] on similar studies conducted on PP impact copolymer. Elloumi et al [121] and 
Aurrekoetxa et al [122] had also found the viscosity of the polymer to decrease with an 
increase in number of times of re-injection moulding, which was attributed to a decrease 
in molecular weight caused as a result of chain scission. However, in the current study, 
the difference in FMAX and elongation at break of samples (re-processed 1 time and re-
processed 3 times) does not vary signigficantly. One of the reasons for this is possibly 
because of the low number to re-processing steps used in the current study. Due to 
limited time, the highest re-processing number the sampels were subjected to in the 
current study was 3. Possibly, with an increase in this number to 10 (i.e. increasing the 
number of times of re-processing to 10), would define more clearly the effect of re-
processing on the mechanical properties of injection moulded PP-IC hinges and tension 
bands. 
 EFFECT OF RE-PROCESSING CONCENTRATION 
Even though there is a slight increase in maximum load (FMAX) values of hinges and 
tension bands moulded using PP-IC re-processed three times, compared to those 
moulded using virgin PP-IC, this trend is statistically insignificant. A study conducted by 
Aurrekoetxa et al [122] had reported increase in degree of crystallinity of re-processed 
samples, compared to that of virgin injection moulded PP. According to Aurrekoetxa et 
al, re-processing breaks the polymer chains into shorter length. As a result, their 
mobility is increased thus increasing their ability to form crystals in a more ordered way 
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(i.e. an increase in crystallisation). Similarly in the current study the increase in FMAX 
with increasing re-processed content is because of the possible increase in the 
crystallinity of re-processed PP compared to virgin PP. In the case of elongation at 
break, there is a slight decrease with an increase in the re-processed content. This may 
be because of the fact that crystallinity increase and the molecular weight and polymer 
chain length reduces with increasing re-processed content. All these factors (increase in 
crystallinity, reduction in molecular weight and chain scission) decrease the elongation 
at break. [122]. 
Based on these finding, it can be suggested that up-to 50% of re-processed PP-IC (re-
processed 3 times) can be used by Unilever moulders in ‘In-house re-processing’ of 
hinges and tension bands. 
 
7.2 EFFECT OF POST CONSUMER RECYCLATE PP (PRC-PP) 
ON THE MECHANICAL PROPERTIES OF PP-H 
 
The following section discusses the effect of PCR-PP on the mechanical properties of 
PP-H hinges and tension bands. As mentioned earlier, PCR-PP flakes sourced from 
Biffa Polymers UK were passed through a granulator to reduce the size of these flakes. 
A twin screw extruder was used, in order to obtain various formulations of virgin PP-H 
and PCR-PP, in pellet form. Samples directly injection moulded from 100% virgin PP 
(no pass through the compounder) was used as the reference. 
7.2.1 INFLUENCE OF PROCESSING BEHAVIOUR 
   
Variation of MFI with varying PCR-PP content is discussed in this section. MFI tests of 
these formulations were conducted at 230°C with a weight of 2.16 kgs, using the 
granules from the formulation. The test procedure is described in section 3.4.1. Five 
tests were carried out per setting and the average is shown in Figure 7.7, which shows 
the MFI values of the different formulations of PCR used in this study. PCR 0 (direct 
injection moulded - DIM) was the control or reference used in this study. It can be seen 
that the MFI values of the formulations do not vary significantly. The virgin PP-H 
(control) has got the lowest MFI value of 7.48 dg min-1. MFI values for the formulations 
containing PCR-PP is slightly higher compared to that of virgin PP-H. 
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Figure 7.7: MFI values of formulations containing varying percentage of PCR-PP in virgin PP-H 
(results presented are average values of 5 samples tested) 
The formulations containing PRC-PP were compounded using the twin screw extruder 
in order to convert them into pellet form. This meant that all the formulations (except 
PCR 0) in this study contained polymer that have had an additional processing cycle. 
This accounts for the slight increase in MFI in compounds containing PCR-PP. 
However, it should be noted that the variation in MFI values is only marginal. This could 
be possible because of the presence of foreign material (example PE in the system See 
Figure 7.12 and Figure 7.13, impurities such as glue and labels were also present on 
the PCR flakes which could have affected the results).  
Generally with PP an increase in recyclate would expect to show an increase in MFI 
occurring due to an increase in chain scission [121, 122]. However in the case of HDPE 
the opposite effect may be occurring, as per a study conducted by Javierre et al [123] 
on recycled HDPE. They had reported an increase in viscosity with an increase in the 
recycled HDPE content. A Moldflow study conduct by Javierre et al showed an increase 
in injection pressure with increase in HDPE recyclate content. However, due to financial 
and time constraints, Moldflow analysis was not carried out in the current study on PCR-
PP. Nevertheless, the evidence from DSC (Figure 7.13), FTIR (APPENDIX H4) show 
the presence of HDPE in the PCR-PP. The presence of HDPE as contaminant in the 
PCR-PP could account for the similar MFI values for the different formulations (recycled 
PP tends to increase the MFI whereas recycled HDPE tends to decrease the MFI) [121, 
122, 123]. Also the fact that compounds containing PCR-PP had undergone just one 
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extra processing cycle, which would not have been sufficient enough to cause any 
noticeable degree of chain scission. Hence the MFI values differ only marginally. 
 
7.2.2 INFLUENCE OF RECYCLATE CONTENT ON 
MECHANICAL PROPERTIES 
 
 
Figure 7.8: Variation of maximum load of hinge with varying PCR content (results presented are 
average values of 5 samples tested) 
 
Figure 7.9: Variation of toughness of hinge with varying PCR content (results presented are 
average values of 5 samples tested) 
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Figure7.10: Variation of maximum load of tension band with varying PCR content (results 
presented are average values of 5 samples tested) 
 
 
Figure7.11: Variation of toughness of tension band with varying PCR content (results presented 
are average values of 5 samples tested) 
 
From Figure 7.8 and Figure7.10, it can be seen that an increase in PCR content, 
causes a reduction in maximum load, in the thin section components. In the case of 
both hinge and tension band samples, there is a 14% reduction in the maximum load of 
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mouldings from 100% PCR compared to mouldings from 100% virgin PP-H (control). In 
a study conducted by Ha et al [124] a decrease in the tensile strength of PCR-PP was 
reported compared to that of virgin PP. They had also found double peaks in their DSC 
heating curves, one at 119°C and another at 165°C. They associated the peak at 119°C 
to the presence of PE.  
 
Figure 7.12: DSC trace (showing 1st heat and 1st cool) of PCR 100 hinge samples 
 
Figure 7.13: DSC trace (showing 2nd heat) of PCR 100 hinge samples 
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Table 7.2: DSC data of injection moulded PP-H and PCR-PP hinges and tension bands (values 
calculated are average of 2 samples subjected to DSC measurements) 
  Tm (°C) 
∆Hm 
(J/g) 
Cm 
(%) 
Tc 
(°C) 
T c-onset 
(°C) 
∆Hc 
(J/g) 
Cc 
(%) 
PCR 0 (PP-
H) Hinge 
control 
        
 H1 171 92 44     
 C    110 114 105 51 
 H2 168 105 51     
PCR 100 
Hinge         
Melting 
peak 1 
(HDPE) 
H1 131 3.51 1.2     
 C    119 123 89 43 
Melting 
peak 1 
(HDPE) 
H2 128 3.95 1.3     
Melting 
peak 2 (PP) H1 167 52 25     
 C    119 123 89 43 
Melting 
peak 2 (PP) H2 164 49 24     
PCR 0 (PP-
H) T-Band 
control 
        
 H1 171 91 44     
 C    109 114 101 49 
 H2 168 100 48     
PCR 100 T-
Band         
Melting 
peak 1 
(HDPE) 
H1 131 6.8 2.3     
 C    119 123 88 43 
Melting 
peak 1 
(HDPE) 
H2 131 3.8 1.3     
Melting 
peak 2 (PP) H1 168 56 27     
 C    119 123 88 43 
Melting 
peak 2 (PP) H2 165 51 25     
 
Similarly Brachet and Melum [125] conducted a study post consumer recyclate PP 
obtained from post consumer PP containers. They had also reported presence of two 
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melting peaks in their DSC study (126°C due to PE and 160°C due to PP). They 
attributed the presence of PE to the lack of improvement in mechanical properties in 
their study. In the current study also, DSC on the PCR100 mouldings showed two peaks 
in the heating curves, one at 130°C and another at 166°C (An example DSC trace is 
shown below. See Figure 7.12 and Figure 7.13).  
It has been reported in the literature that HDPE melts at a range of 129 – 135°C [126]. 
So the DSC traces obtained from the current study, confirms the presence of PE in the 
PCR-PP, most likely HDPE. In the current study, for both hinges and tension bands, the 
FMAX of samples decrease with an increase in the PCR content. One of the reasons for 
this reduction in FMAX could be because of the presence of PE (PE is less stiff than PP 
[127]) and other contaminants (eg lables, glue etc) in the PCR-PP. For PCR-PP, only a 
single crystalisation peak is observed on cooling. The reason for this is because of the 
fact that PP and HDPE co-crystalise (i.e. their crystalisation peaks coincide), in a similar 
temperature range. 
From Table 7.2, it can be seen that the percentage of crystallinity is higher in case of 
hinges and tension bands moulded from 100% virgin PP-H, compared to those moulded 
from 100% PCR-PP. The fact that crystallinity of the samples containing PCR-PP is 
lower could be another reason why hinges and tension bands moulded from 100% 
virgin PP-H possesses higher FMAX values. 
 
 
Figure7.14: Comparison of stress v strain plot of PCR-0 and PCR-100 hinges 
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Figure7.15: Comparison of stress v strain plot of PCR-0 and PCR-100 tension bands 
 
Figure 7.16: A collection of micrographs showing the microstructure of hinges moulded from 
PCR100 (top) and PCR 0 (bottom), viewed under cross polar light 
0
10
20
30
40
50
60
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
St
re
ss
 (M
Pa
)
Strain
PCR 100, T-Band Strain
PCR 0, T-Band Strain
239 
 
 
Figure 7.17: A collection of micrographs showing the microstructure of tension bands moulded 
from PCR100 (top) and PCR 0 (bottom), viewed under cross polar light 
From Figure7.14 and Figure7.15, it can be seen that, in the case of both hinges and 
tension bands, the modulus and strength is lower, for samples moulded from PCR-100. 
From Figure 7.16 it can be seen that hinges moulded from PRC 0 (virgin PP-H) and 
PCR-100, show a skin-core-skin morphology and similar flow patterns. The core in the 
virgin PP hinges is coarser. Also it can be seen that in samples moulded from PCR-100 
there are a lot of impurities which are indicated by the bright dots. From Figure 7.17 it 
can be seen that the tension bands moulded from PCR 0 and PCR-100 also show a 
skin-core-skin morphology and similar flow patterns. Like seen in the PCR 0 hinges, the 
core in PCR 0 tension bands are more coarser compared to that of PCR-100 tension 
bands. The presence of impurities or foreign matter in the PCR-100 mouldings is 
confirmed from the micrographs. This could be another reason for the decrease in FMAX 
with increasing PCR content. 
From Figure7.14 and Figure7.15 it is seen that in the case of both hinges and tension 
bands, the strain at break is higher for PCR-100. The presence of ethylene in the PCR-
PP seems to be contributing to slightly higher strain. The variation of toughness of 
hinges and tension bands for various PCR-PP formulations, with varying PCR-PP 
content, is less clear. A clear trend cannot be reported because of the large error bars 
(Figure 7.9 and Figure7.11). 
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Overall, from this study it is seen that the MFI values increase with the number of steps 
of re-processing, thus causing a decreasing in viscosity with increasing re-processing 
steps. The FMAX and elongation at break values do not vary significantly with the number 
of steps of re-processing. As the percentage of re-processed material increases, a 
decrease in FMAX is observed, both in the case of hinges and tension bands. 
In the case of PCR-PP, the MFI values did not show significant variation with varying 
PCR concentration. Both in the case of hinges and tension bands, the FMAX values 
decreased with increasing concentration of PCR content. Variation of toughness with 
PCR concentration did not show a clear trend, especially in the case of hinges. DSC 
study showed small amounts of HDPE present in the PCR-PP. Micrographs of hinges 
and tension bands (PCR-0 and PCR-100) indicate the presence of impurities in the 
PCR mouldings. Both in the case of hinges and tension bands, samples moulded from 
PCR-PP has a finer microstructure compared to that of those moulded from virgin PP-H. 
In the next chapter, the effect of colour masterbatches (green and violet) on the 
mechanical properties of hinges and tension bands are discussed. Also, the mechanical 
properties and microstructure of hinges and tension bands moulded from green and 
violet masterbatches is compared to that of those moulded from natural (no colour 
masterbatch) PP-H. 
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8. RESULTS AND DISCUSSION – EFFECT OF COLOUR 
PIGMENTS 
 
This study was conducted in order to understand the effect of selected pigments on the 
processing, microstructure and mechanical properties of hinges and tension bands. In 
this section, the effect of injection velocity and melt temperature on the FMAX and 
toughness of coloured PP-H hinges and tension bands (natural, green and violet) is 
reported. Also, mechanical properties of mouldings (hinges and tension bands) 
produced using green and violet pigments are compared with those moulded from 
natural (without pigmentation) PP-H. Green and violet were the colours investigated in 
this study, which were chosen by Unilever, (the project sponsor) following an in-depth 
technical study [128]. For Unilever caps and closures, violet and green pigments 
showed very distinct behaviour in terms of warpage of moulded components. Green 
closures showed excessive warpage, whereas violet closures were within the tolerance 
levels set. This difference in behaviour is why these two particular colours were chosen 
for this study. 
 
 
Figure 8. 1: PP-H hinge and tension band moulding (natural, violet and green) 
 
A let-down ratio of 6% (i.e. 6% of colour masterbatch was added into PP-H) was used 
for producing coloured mouldings. This ratio remained unchanged for both green and 
violet masterbatch, and is used by Unilever’s suppliers for moulding closures for 
Unilever products. Compounds were prepared by adding the required quantity of 
masterbatch into virgin PP-H and manually mixing them in ratios as shown in Table 
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3.10. A total of 5kg compound per colour was produced, for moulding coloured samples 
for the masterbatch investigation. 
 
A 2 factor DoE approach (Section 3.5.3) was carried out, to determine the various 
combinations of melt temperatures and injection velocities to be investigated. From the 
5 factor DoE study on PP-H (See Section 3.5.2 and the outcomes reported in 5.9), 
injection velocity and melt temperature were identified to be the most influential 
variables on mechanical properties, which is the reason for the choice of these factors 
for the DoE study on pigmented components. Injection moulding was carried out as 
described in Section 3.3.11. A mould temperature of 20°C and a packing pressure of 35 
MPa was applied for 3 seconds pack time. These values were the ‘mid-point values’ of 
the original 5 factor DoE study in Chapter 5. 
 
8.1 EFFECT OF PROCESSING ON MECHANICAL PROPERTIES 
OF PP-H HINGES (NATURAL, GREEN AND VIOLET) 
 
In this section, the effect of melt temperature and injection velocity on the maximum 
load (FMAX) and toughness of PP-H hinges, moulded in different colours (green and 
violet) is discussed. The ranges of values for the two factors were, 209°C - 251°C for Tm 
and 18% to 25% for Vi (see Table 8.1). 
8.1.1 HINGES – NATURAL 
 
In this section the effect of Tm and Vi on FMAX and toughness of PP-H – natural hinges is 
discussed. Equations 8.1 and 8.2 represent the maximum load and toughness of PP-H 
hinge (natural). 
 
FMAX (H,N) = - 867 + 2.72 (Tm) +94.8 (Vi) – 0.5 (Tm)(Vi)      [8.1] 
U(H,N) = -379 + 1.56 (Tm) + 12.4 (Vi) – 0.03 (Tm)(Vi)     [8.2] 
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Figure 8.2: Variation of FMAX of hinge (natural), with varying melt temperature and injection 
velocity 
 
 
Figure 8.3: Variation of toughness of hinge (natural), with varying melt temperature and injection 
velocity 
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From Figure 8.2 it can be seen that FMAX of hinges (natural) decrease with an increase 
in melt temperature, at any selected injection speed (Vi). From Figure 8.3 it can be seen 
that for natural hinges, toughness increases with an increase in injection velocity. 
8.1.2 HINGES – GREEN 
 
The effect of Tm and Vi on FMAX and toughness of PP-H – green hinges is discussed in 
this section. 
 
FMAX (H,G) = - 3504 + 27.6 (Tm) + 63.5 (Vi) + 0.2 (Tm)*(Vi)    [8.3] 
 
U (H,G) = - 925 + 4 0 (Tm) + 45.7(Vi) – 0.2(Tm)*(Vi)     [8.4] 
 
 
Figure 8.4: Variation of FMAX of hinge (green), with varying melt temperature and injection velocity 
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Figure 8.5: Variation of toughness of hinge (green), with varying melt temperature and injection 
velocity 
 
From Figure 8.4, it can be seen that for hinges (green), FMAX is sensitive to Vi. It is also 
seen that FMAX is not very sensitive to Tm. The FMAX values are lower at lower Vi values, 
possibly due to the flow induced defect (weak point) produced in the hinge section, at 
low Vi. From Figure 8.5 it can be seen that for green hinges, toughness increases with 
an increase in injection velocity. 
8.1.3 HINGES – VIOLET 
 
In this section the effect of Tm and Vi on FMAX and toughness of PP-H – violet hinges is 
discussed. 
 
FMAX (H,V) = -1855 + 13.2 (Tm) + 52 (Vi) – 0.2 (Tm)*(Vi)     [8.5] 
 
U (H,V) = 5.8 + 0.24 (Tm) + 0.32 (Vi)        [8.6] 
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Figure 8.6: Variation of FMAX of hinge (violet), with varying melt temperature and injection velocity 
 
 
Figure 8.7: Variation of toughness of hinge (violet), with varying melt temperature and injection 
velocity 
 
From Figure 8.6, it can be seen that for hinges (violet), FMAX is sensitive to Vi. It is also 
seen that FMAX is not very sensitive to Tm. The FMAX values are lower at lower Vi values, 
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possibly due to the flow induced defect (weak point) produced in the hinge section, at 
low Vi. From Figure 8.7 it can be seen that toughness of violet hinges is not very 
sensitive to Vi and Tm.  
8.1.4 DATA SUMMARY HINGES : 
In this section, outcomes from the DoE study of coloured hinges (natural, green and 
violet) is compared and discussed. Table 8.1 shows the shows the FMAX and toughness 
values of PP-H hinges for the 3 colours (natural, green and violet) and Table 8.2 is a 
data summary table for hinges. 
 
Table 8.1: FMAX and toughness values for hinges (natural, green and violet), for the 2 factor DoE 
process settings 
 
 
Table 8.2: Data summary for hinges (natural, green and violet) 
Hinge Maximum Minimum Range 
FMAX (N) [N] 394 311 83 
FMAX (G) [N] 396 340 56 
FMAX (V) [N] 376 317 59 
U (N) [Nm] 106 49 57 
U (G) [Nm] 68 40 28 
U (V) [Nm] 89 46 43 
 
In the case of natural hinges, at low melt temperature, FMAX is seen to increase with 
increasing Vi (see Figure 8.2) However, at high melt temperature, the influence of melt 
temperature is reversed, showing the interactive influence of factors (see also equation 
8.1). A similar trend is observed in the case of green hinges, FMAX increases with 
increasing Vi (Figure 8.4) This trend (increase of FMAX with increasing Vi) is also seen in 
violet hinges (Figure 8.6). The reason for a low FMAX value at low Vi is possibly due to 
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the flow induced structural irregularity produced in the hinge section (Figure 5.30). Also, 
from Table 8.2 it can be seen that, for the 3 colours under investigation, the highest 
FMAX values (396 N) is obtained for green hinges and FMAX of green hinges is less 
sensitive to process conditions. This is consistent with the nucleation effects. The green 
pigment used is this study, is highly nucleating (see DSC data in Table 8.5 and Table 
8.6). 
In the case of natural hinges, FMAX increases with a decrease in Tm (Figure 8.2). This 
trend is also seen in green hinges (see Figure 8.4). And in the case of violet hinges, for 
the range of Tm under investigation, FMAX does not seem to vary with Tm. As discussed 
in Section 5.10, the thickness of oriented skin is higher at lower melt temperatures, 
which probably accounts for the increase in FMAX with decreasing Tm. 
From Figure 8.3 it can be seen that the toughness of natural hinges increases with 
increasing Vi. A similar trend is observed in the case of green hinges (see Figure 8.5). 
The flow through the hinge section at lower Vi is complex, which causes a ‘double skin 
effect’ (see Figure 5.30) may be acting as a weak spot thus causing failure in the 
samples, thus lowering their toughness values, compared to those of hinges moulded at 
higher Vi (at higher Vi, the flow is less complex and the microstructure obtained is more 
uniform, i.e. no presence of ‘double skin effect’ Figure 5.31 ). The toughness of violet 
hinges is not affected by varying Vi. 
Toughness of hinges (natural), increases with increasing Tm. The fact that at higher melt 
temperatures, injection moulded hinges show thinner oriented skin (see Figure 5.28 and 
Figure 5.29), suggest that there is less anisotropy in the part, compared to those 
moulded at lower Tm. From Table 8.2 it can be seen that the range of toughness (i.e. 
maximum – minimum) is least (28 Nm) for green hinges. In the case of natural and 
violet hinges, this value is 57 Nm and 43 Nm respectively. From the DSC data it is seen 
that the green pigment is highly nucleating (Table 8.5 and Table 8.6). When nucleation 
is strong, the crystal structure forms quickly and dominates the properties. As a result of 
this, green hinges are less sensitive to process changes. 
 
The effect of pigment system on PP-H hinges will be compared in terms of stress and 
strain parameters in SECTION 8.3, then interpreted by structural features (optical 
microscopy and DSC). 
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8.2 EFFECT OF PROCESSING ON MECHANICAL PROPERTIES 
OF PP-H TENSION BANDS (GREEN, VIOLET AND NATURAL) 
 
The effect of melt temperature and injection velocity on the maximum load (FMAX) and 
toughness of tension bands, moulded from different colour PP-H is discussed below. 
The ranges of values for the two factors were, 209°C - 251°C for Tm and 18% to 25% 
for Vi (see Table 8.1). 
8.2.1 TENSION BANDS – NATURAL 
 
The effect of Tm and Vi on the FMAX and toughness of PP-H natural tension bands is 
discussed in this section. The maximum load and toughness for PP-H natural tension 
bands is shown below in equation form (equation 8.7 and 8.8) and in a graphical form in 
Figure 8.8 and Figure8.9. 
 
FMAX (TB, N) = - 242 + 3 (Tm) + 40 (Vi) – 0.2 (Tm) (Vi)     [8.7] 
 
U (TB, N) = - 270+0.68 (Tm) + 18.1 (Vi) - 0.05 (Tm) (Vi)     [8.8] 
 
Figure 8.8: Variation of FMAX of tension band (natural), with varying melt temperature and injection 
velocity 
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Figure8.9: Variation of toughness of tension band (natural), with varying melt temperature and 
injection velocity 
In the case of tension bands – natural, a decrease in both Tm and Vi causes an increase 
in FMAX. However, a variation of Vi, causes only a slight variation of FMAX.(see Figure 
8.8).An increase in Vi causes a slight increase in toughness. Within the range of Tm 
investigated (209°C to 259°C), a change in Tm does not cause a change in toughness. 
8.2.2 TENSION BANDS – GREEN 
 
The effect of Tm and Vi on FMAX and toughness of PP-H – green tension bands is 
discussed in this section. 
 
FMAX (TB, G) = 534 – 0.74 (Tm) – 4.9 (Vi) + 0.03 (Tm) (Vi)     [8.9] 
 
U(TB, G) = - 283 + 1.74 (Tm) + 8.45 (Vi) - 0.03 (Tm) (Vi)     [8.10] 
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Figure 8.10: Variation of FMAX of tension band (green), with varying melt temperature and injection 
velocity 
 
Figure8.11: Variation of toughness of tension band (green), with varying melt temperature and 
injection velocity 
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In the case of green tension bands, for the ranges of Tm and Vi investigated, FMAX does 
not seem to be varying with varying Tm and Vi (see Figure 8.12). There is a slight 
increase in toughness with an increase in Vi.(see Figure8.11) 
8.2.3 TENSION BANDS – VIOLET 
In this section the effect of Tm and Vi on FMAX and toughness of PP-H – violet tension 
bands is discussed. Equations 8.11 and 8.12 represent the FMAX and toughness of violet 
tension bands. 
 
FMAX (TB, V) = 400 – 0.32 (Tm) – 3.9 (Vi) + 0.03 (Tm) (Vi)     [8.11] 
 
U (TB, V) = -259 +1.0 (Tm) + 13.6 (Vi) - 0.03 (Tm) (Vi)     [8.12] 
 
 
Figure 8.12: Variation of FMAX of tension band (violet), with varying melt temperature and 
injection velocity 
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Figure8.13: Variation of toughness of tension band (violet), with varying melt temperature and 
injection velocity 
 
An increase in Vi causes an increase in FMAX of violet tension bands. There is also a 
slight increase in FMAX with an increase in Tm (see Figure 8.12). From Figure8.13 , it can 
be seen that in the case of violet tension bands, toughness is insensitive to melt 
temperature. It can also be seen that toughness is increasing slightly with an increase in 
injection velocity.  
8.2.4 DATA SUMMARY TENSION BANDS: 
In this section, outcomes from the DoE study of coloured tension bands (natural, green 
and violet) is compared and discussed. Table 8.3 shows the shows the FMAX and 
toughness values of PP-H tension bands for the 3 colours (natural, green and violet) 
and Table 8.4 is a data summary table for tension bands. 
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Table 8.3: FMAX and toughness values for tesnion bands (natural, green and violet), for the 2 factor 
DoE process settings 
 
 
 
Table 8.4: Data summary for tension bands (natural, green and violet) 
Hinge Maximum Minimum Range 
FMAX (N) [N] 396 330 66 
FMAX (G) [N] 415 369 46 
FMAX (V) [N] 392 361 31 
U (N) [Nm] 16 9 7 
U (G) [Nm] 13 9 4 
U (V) [Nm] 15 9 6 
 
From Figure 8.8 it can be seen that the FMAX of tension band (natural) increases with 
decreasing Tm. As discussed in Section 5.10, the thickness of oriented skin is higher at 
lower melt temperatures (see Figure 5.37 and Figure 5.38). This is the reason for FMAX 
to be higher at lower Tm. From Figure 8.10 and Figure 8.12, it can be seen that for 
tension bands (green and violet), FMAX is not very sensitive to Vi or Tm. Similar to the 
trend observed in the case of hinges, it can noted that, in terms of FMAX and toughness 
variation with Tm and Vi, green tension bands are very different from natural and violet. 
From Table 8.4 it can be noted that highest FMAX value is obtained for green tension 
bands (415 N). The magnitude of highest FMAX for natural (396 N) and violet (392 N) 
tension bands is lower than that of green. This is consistent with the nucleation effects 
observed in the various mouldings (see DSC data in Table 8.5 and From Figure 8.17 it 
can be seen that the tension bands follow a similar trend to hinges : the yield stress (σy) 
of green tension bands is significantly higher than for natural and violet. Toughness also 
follows a similar trend (see Figure 8.18). Irrespective of the colour, the ᵋy of tension 
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bands are very similar (Figure 8.19). DSC analysis was carried out on the tension band 
mouldings (natural, green and violet). A heat cool heat cycle was used. The results from 
the DSC study are shown in Error! Not a valid bookmark self-reference.. 
Table 8.7). 
From Figure8.9 to Figure8.13) , it can be seen that in the case of tension bands 
(natural, green and violet), toughness is insensitive to melt temperature. It can also be 
seen that toughness is not very sensitive to injection velocity either. However, from 
Table 8.4 it is seen that range of toughness values from the 2 factor DoE is lowest (4 
Nm) for green tension bands. This suggests that as a result of the strong nucleating 
effect of the green pigment, in green tension bands the formation of crystal structure is 
quick. This dominates the properties and therefore green tension bands are less 
sensitive to process changes.  
The effect of pigments systems on PP-H tension bands is discussed in Section 8.4. 
Comparison in terms of stress and strain parametres is made and then interpreted by 
structural features (optical microscopy and DSC). 
 
8.3 COMPARISON OF MECHANICAL PROPERTIES OF PP-H 
HINGES (GREEN, VIOLET AND NATURAL) 
 
In this section, the mechanical properties of PP-H coloured hinges (green and violet), 
based upon the force/energy data presented in 8.1, 8.2 are compared with that of 
natural PP-H. Data for yield stress, yield strain, stress at break and strain at break for 
various coloured mouldings are compared. The objective of this study is to compare the 
mechanical properties of natural hinges to those of coloured hinges (green and violet 
chosen by Unilever, the sponsor), in order to see the effect of pigments on the structure 
and properties of the mouldings. 
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Figure 8.14: Comparison of yield stress (σy) and stress at break (σB) for PP-H hinges (natural, 
green and violet) 
 
 
 
Figure 8.15: Comparison of yield strain (ᵋy) and strain at break (ᵋB) for PP-H hinges (natural, green 
and violet) 
 
Table 8.5 : DSC data of green and violet masterbatch granules (values calculated are average of 2 
samples subjected to DSC measurements) 
  Tm 
(°C) 
∆Hm 
(J/g) 
Cm 
(%) 
Tc 
(°C) 
T c-onset 
(°C) 
∆Hc 
(J/g) 
Cc 
(%) 
PP-H         
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Natural 
 H1 172 85 41     
 C    109 114 98 48 
 H2 170 98 48     
Green         
 H1 170 86 42     
 C    125 130 97 47 
 H2 169 97 47     
Violet         
 H1 153 68 33     
 C    107 113 82 40 
 H2 151 83 40     
 
Table 8.6: DSC data of injection moulded PP-H hinges (natural, green and violet mouldings) 
(values calculated are average of 2 samples subjected to DSC measurements) 
  Tm 
(°C) 
∆Hm 
(J/g) 
Cm 
(%) 
Tc 
(°C) 
T c-onset 
(°C) 
∆Hc 
(J/g) 
Cc 
(%) 
PP-H Natural 
R6 Hinge 
        
 H1 172 101 49     
 C    108 114 100 48 
 H2 168 100 48     
PP-H Green 
R6 Hinge 
        
 H1 173 99 48     
 C    126 130 100 48 
 H2 170 101 49     
PP-H Violet 
R6 Hinge 
        
 H1 171 96 47     
 C    107 113 97 47 
 H2 168 97 47     
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From equations 8.1 to 8.6 and the graphs from DoE in 8.1, it can be seen that, in the 
case of hinges (natural, green and violet), injection velocity has a greater effect than 
melt temperature, on the FMAX and toughness values. Hence it was decided to use 
hinges moulded using the highest injection velocity (Run 6) of the 2 factor DoE (see 
Table 8.1), for this comparison study. DSC and optical microscopy were also conducted 
on hinges moulded from Run 6. 
From Figure 8.14 it can be seen that the yield stress (σy) and stress at break (σB) for 
natural and violet hinges are similar, and lower than that of green hinges. From Figure 
8.15 it can also be seen that, in the case of PP-H hinges, irrespective of the colour, the 
yield strain does not vary significantly. The strain at break for hinges (natural) is slightly 
higher than those observed for green and violet hinges. The error bars shown in Figure 
8.14 and Figure 8.15 represent the maximum and minimum variability around the mean. 
 
Table 8.5 shows the results obtained from the DSC carried out on PP-H natural granule 
and the green and violet master batch granules. DSC was also carried out on the 
hinges (results shown in Table 8.6) moulded from run 6 of the 2 factor DoE. The 
samples were subjected to a heat, cool heat cycle for the DSC measurements. 
Table 8.5 and Table 8.6 show that the onset of crystallisation temperature for the green 
pigmented material is 16 - 17°C higher than that of violet or PP-H natural. This suggests 
that the green pigment is highly nucleating, on PP-H. The onset of crystallisation 
temperature for green hinges (on moulded parts) is about 16°C higher than for natural 
and violet hinges, again confirming that the green pigment acts as an effective 
nucleating agent in the moulding. Increases in nucleation density would cause a 
decrease in the spherulite size [129], so that the increase in the (σy) and (σB) values of 
green hinges can be attributed to smaller spherulite size and a finer crystalline texture 
[130]. 
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Figure 8.16: A collection of micrographs of PP-H hinges (natural, green and violet) 
 
The above mentioned point is confirmed from Figure 8.16 which also shows that all the 
hinges (natural, green and violet) have a distinct skin-core-skin morphology. Natural and 
violet hinges have similar microstructure (coarser core structure compared to green), 
and hence their mechanical properties are very similar. From Figure 8.16 it can also be 
seen that natural and violet hinges have a ‘double skin’ effect whereas green hinges 
avoids complex flow and as a result avoids the ‘double skin’ effect. However, in the 
case of green hinge, it is seen that the core microstructure is much finer, due to the high 
nucleation density, giving rise to smaller sized spherulites. In contrast, Way et al [131] 
reported that, with an increase in the spherulite size, the yield stress of PP increases 
and reaches a maximum, then starts to fall. They had compression moulded PP into 
sheet from and then tensile specimens were cut from these sheets. The thickness of the 
samples was about 5mm. When the spherulite size is bigger, there would be more voids 
at the spherulite grain boundaries, formed during contraction of the spherulites while 
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cooling. These voids are potential structural irregularities which could be the reason for 
the decrease in the yield stress values [130 - 133]. The above stated reasons are 
possible explanations for green hinges having higher σy (yield) and σB (break) values.  
Also from Figure 8.14 it can be seen that, the (σy) and (σB) values for hinges (natural, 
green and violet) is almost double that of the value quoted in the manufacturer’s 
datasheet (See Appendix section A1). This confirms the information in Figure 8.16, that 
there is very high degree of orientation in the hinge section (also evident from the skin 
thickness in the hinge region, see Figure 5.31). This high degree of orientation is the 
main cause for the improvement of tensile properties, relative to isotropic PP. It appears 
that a fine crystalline core texture helps promote higher σy and σB, without a significant 
reduction in ᵋy and ᵋB. 
In the case of hinges, the green pigment has a high nucleating effect. Green hinges are 
stronger than natural and violet hinges (see Figure 8.14). There is a slight reduction in 
ᵋB compared to natural and violet hinges. There is also a reduction in toughness of 
green hinges (see Table 8.2). All these can be attributed to nucleation and finer texture 
in the core of PP-H green hinges. 
 
 
 
8.4 COMPARISON OF MECHANICAL PROPERTIES OF PP-H 
TENSION BANDS (GREEN, VIOLET AND NATURAL) 
 
Following the studies on coloured PP hinges, a similar study was conducted to compare 
the yield stress (σy), yield strain (ᵋy), and toughness at yield (Uy) of coloured PP tension 
bands In this section, the mechanical properties of PP-H coloured tension bands (green 
and violet) are compared with that of natural PP-H. 
A comparison of variation in both FMAX and toughness of natural tension bands with 
coloured tension bands (green and violet) showed that Run 8 of the 2 factor DoE gave 
the highest difference. Also from the graphs from DoE in 8.2, it can be seen that, in the 
case of tension bands (natural, green and violet), a change Tm causes a significant 
change in the FMAX of PP-H natural tension bands (see Figure 8.8). Hence it was 
decided to use tension bands moulded from Run 8 (highest Tm) of the 2 factor DoE (see 
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Table 8.3), for comparing the mechanical properties. DSC and optical microscopy were 
also conducted on tension bands moulded from Run 8. 
 
 
Figure 8.17: Comparison of yield stress (σy) for PP-H tension bands (natural, green and violet) 
 
Figure 8.18: Comparison of toughness (Uy) for PP-H tension bands (natural, green and violet) 
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Figure 8.19: Comparison of yield strain (ᵋy) for PP-H tension bands (natural, green and violet) 
 
From Figure 8.17 it can be seen that the tension bands follow a similar trend to hinges : 
the yield stress (σy) of green tension bands is significantly higher than for natural and 
violet. Toughness also follows a similar trend (see Figure 8.18). Irrespective of the 
colour, the ᵋy of tension bands are very similar (Figure 8.19). DSC analysis was carried 
out on the tension band mouldings (natural, green and violet). A heat cool heat cycle 
was used. The results from the DSC study are shown in Error! Not a valid bookmark 
self-reference.. 
Table 8.7: DSC data of injection moulded PP-H tension bands (natural, green and violet 
mouldings) (values calculated are average of 2 samples subjected to DSC measurements) 
  Tm 
(°C) 
∆Hm 
(J/g) 
Cm 
(%) 
Tc 
(°C) 
T c-onset 
(°C) 
∆Hc 
(J/g) 
Cc 
(%) 
PP-H 
Natural 
R8 TB 
        
 H1 172 98 48     
 C    107 114 103 50 
 H2 168 103 50     
PP-H 
Green 
R8 TB 
        
 H1 171 100 48     
 C    126 130 105 51 
 H2 169 106 51     
PP-H         
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Violet 
R8 TB 
 H1 172 100 48     
 C    109 114 102 49 
 H2 168 102 49     
 
As seen in the case of green hinges, the onset of crystallisation temperature for the 
green tension bands is around 16°C higher than that of natural and violet tension 
bands, but the overall degree of crystallinity is similar (see From Figure 8.17 it can be 
seen that the tension bands follow a similar trend to hinges : the yield stress (σy) of 
green tension bands is significantly higher than for natural and violet. Toughness also 
follows a similar trend (see Figure 8.18). Irrespective of the colour, the ᵋy of tension 
bands are very similar (Figure 8.19). DSC analysis was carried out on the tension band 
mouldings (natural, green and violet). A heat cool heat cycle was used. The results from 
the DSC study are shown in Error! Not a valid bookmark self-reference.. 
Table 8.7). From Figure 8.20 it can be seen tension bands from all three colours have a 
distinct skin-core-skin morphology. The core microstructures of natural and violet 
tension bands are very similar and much coarser in comparison to the microstructure 
obtained in the green tension bands, which is very fine, due to the high nucleating effect 
of the green pigment, giving rise to a high nucleation density. The increase in the (σy) 
and toughness (U) of green tension bands is therefore attributed to smaller spherulite 
size in the core [130]. From (Figure 8.19) it can be seen that irrespective of the colour, 
the yield strain does not vary significantly, similar to the trend observed for yield strain of 
hinges (Figure 8.15). 
 
 
264 
 
 
Figure 8.20: A collection of micrographs of PP-H tension bands (natural, green and violet) 
The (σy) values of all the three colour tension bands are higher than that specified in the 
manufacturer’s data sheet for isotropic PP (44% higher for natural, 62% higher for green 
and 50% higher for violet, see Figure 8.17). This indicates the presence of high degree 
of polymer orientation in the tension band section. 
8.5 EFFECT OF PIGMENTS – SUMMARY 
Overall from this study it can be said that, in the case of hinges (natural, green and 
violet), the FMAX increases with an increase in Vi and the toughness increases with an 
increase in Tm. In the case of natural and green hinges the toughness also increases 
with an increase in Vi. For violet hinges, there is only a slight variation of toughness with 
Vi. In the case of tension bands, similar trends are observed for natural, green and 
violet, FMAX increase with a decrease in Tm and is less sensitive to Vi. Variation of 
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toughness is slight vith varying Vi for natural, green and violet tension bands. 
Toughness is insensitive to Tm for tension bands (natural, green and violet). 
On comparing the mechanical properties of natural, green and violet tension bands, it 
can be seen that natural and violet hinges have similar σ (yield) and σ (break) values, 
lower than that of green hinges. All the σ values for natural, green and violet hinges are 
higher than the σ (yield) values quoted in the manufacturer’s datasheet. The ᵋy (yield) 
and ᵋB (break) values are very similar for natural, green and violet hinges. 
DSC experiments show that green hinge have a higher Tonset temperature, which is 
about 16°C higher than that of natural and violet hinges. The micrographs show that 
green hinges have a very fine core spherulitic microstructure compared to natural and 
violet components. Natural and violet hinges have a similar, coarser core microstructure 
compared to green. In the case of tension bands, green shows a higher σy (yield) and 
toughness (U) values compared to natural and violet. Similar to the observation in the 
case of hinges, the σy (yield) values for tension bands (natural, green and violet) are 
higher than that stated on the manufacturer’s datasheet. The Tonset temperature for 
green hinges is 16°C higher than that of natural and violet tension bands. The 
microstructure of green tension bands is much finer compared to those of natural and 
violet tension bands. The main message is the strong nucleating capability of green 
pigment which influences and explains many of the trends observed. 
In the next chapter, results obtained from the study conducted at Weener Plastic 
Packaging Group, Germany (one of Unilever’s moulders) is discussed. This study was 
conducted to industrially validate the findings from the 5 factor DoE on PP-H discussed 
earlier in Chapter 5. The next chapter also shows a comparison of mechanical 
properties of hinges moulded from PP-H, PP-IC and PP-RC. 
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9. INDUSTRIAL VALIDATION AND SUMMARY OF 
RESEARCH OUTCOMES 
 
There are two main objectives for this chapter : 
i. To compare the trends obtained from the 5 factor DoE study (on PP-H natural, 
hinge and tension band instrumented mould, Chapter 5) by verification with a 3 
factor DoE study conducted at Weener Plastic Germany (PP-H natural, closure 
hinge and tension band, production tool) 
ii. To compare the mechanical properties of mouldings made from the three 
different polymers studied PP-H, PP-IC and PP-RC (hinges and tension bands 
moulded using the instrumented mould tool) 
 
A 3 factor DoE as mentioned in section 3.8 was conducted at Weener Plastics, 
Germany, and samples of actual closures were moulded from a Unilever test mould 
(Figure 3.53 Figure 3.54). This study was conducted to verify and relate the findings 
from the 5 factor DoE study on PP-H hinge and tension band natural grade (from 
instrumented mould tool) with those achieved from the 3 factor DoE on PP-H natural 
closure hinges and tension bands (moulded using an industrial mould tool).  
The time available on the machine at Weener Plastics was too limited to conduct a 5 
factor DoE experiment. Hence, a 3 factor DoE was conducted for the industrial 
validation study. The 3 factors were chosen for good specific reasons. From the 5 
factorial study conducted earlier, injection velocity and melt temperature were identified 
as the most important variables. Cooling time was included for commercial reasons, as 
this has an influence on cycle time. Based on these reasons, injection velocity, melt 
temperature and cooling time were the factors under investigation, on agreement with 
the project sponsor (Unilever, see Table 3.22). 
 
In this chapter, a comparison is also made of the tensile test data for the actual closures 
(FMAX and toughness) of the hinges and tension bands (moulded from instrumented 
mould) of the 3 PP grades PP-H, PP-IC and PP-RC, using test procedure, as described 
in section 3.6. 
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9.1 EFFECT OF PROCESSING PARAMETRES ON 
MECHANICAL PROPERTIES OF PP-H CLOSURES  
 
DoE output equations and graphical plots of tensile test output data (FMAX and 
toughness) of PP-H closures (hinges and tension bands) is discussed in the following 
sections. In the specific closure design being studied, both hinge and tension band are 
part of the same moulding. However, to differentiate the effect of hinges and tension 
bands during testing, one of the components was cut off with a razor blade, i.e. while 
testing to evaluate the mechanical properties of hinges on the closure, the tension band 
section was cut off with a razor blade and vice versa. The specific closure studied is 
shown below. 
 
 
Figure 9.1: Closure design used for industrial validation of DoE 
 
9.1.1 HINGES 
This section discusses the effect of Tm and Vi on FMAX, toughness and cycle time of PP-
H closure (hinges). Shown below are the output equations for the different factors under 
investigation. 
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(A) STRENGTH OF CLOSURE HINGES (FMAX) 
 
FMAX (closure, hinge) = - 622 + 14.7 (Vi) + 3.15 (Tm) + 81.8 (tC) – 0.06 (Vi.Tm) – 0.5 
(Vi.tC) - 0.25 (tC.Tm)          [9.1] 
 
U (closure, hinge) = - 922 + 18 (Vi) + 3.93 (Tm) + 102.4 (tC) – 0.07 (Vi.Tm) – 0.5 (Vi.tC) - 
0.33 (tC.Tm)           [9.2] 
 
Cycle time closure = - 11.6 - 0.01 (Vi) - 0.01 (Tm) + 0.014 (tC)    [9.3] 
 
The outputs for various factors are presented graphically below. 
 
 
Figure 9.2: Variation of FMAX of PP-H closure (hinge), with varying Tm (°C) and Vi (mm s-1) 
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Figure 9.3: Variation of FMAX of PP-H closure (hinge), with varying Tm (°C) and tc(s) 
 
From Figure 9.2 and Figure 9.3 it can be seen that FMAX for closure (hinge) increases 
with an increase in Tm. From Figure 9.3 it can also be seen that there is a slight 
increase in FMAX predicted with an increase in cooling time. Injection velocity is not 
predicted to affect the FMAX (see Figure 9.2) significantly. Also it is to be noted that the 
range of injection speeds on the production machine is much wider (13 – 47 mm s-1) 
than it was for the 5 factor DoE (14 – 20 mm s-1) mentioned in Chapter 5. 
 
(B) TOUGHNESS OF CLOSURE HINGES (U) 
 
Figure 9.4 accounts for the variation of toughness with varying Tm and Vi. Toughness of 
closure (hinges) increases slightly with increasing Vi (see Figure 9.4). 
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Figure 9.4: Variation of Toughness of PP-H closure (hinge), with varying Tm and Vi 
 
(C) PREDICTED CYCLE TIME FOR CLOSURES  
 
 
Figure 9.5: Variation of Cycle time of PP-H closure, with varying Tm and Vi 
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Figure 9.6: Variation of Cycle time of PP-H closure, with varying Vi and tc 
 
Cycle time decreases with increasing Vi and decreasing cooling time (see Figure 9.6) 
and is relatively insensitive to Tm (see Figure 9.5 and Figure 9.6). 
 
(D) CLOSURE HINGES – INTERPRETATION 
 
Shown below in Figure 9.7 are the optical micrographs of closure hinge sections. The 
flow of polymer melt starts from the left (left section of the left image) then passes 
through the hinge (the thinnest section in the micrographs) and ends in the right (right 
section of the right image). Figure 9.8 is a magnification of the right side core section of 
Figure 9.7. 
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Figure 9.7: Optical micrograph of PP-H hinge closure (Tm= 203°C and Vi= 30 mm s-1) 
 
 
Figure 9.8: Magnified core section showing presence of small quantities of beta phase spherulites 
 
From Figure 9.7 it can be seen that PP-H closure hinge has distinct skin-core 
morphology. Initially the core is predominant and as the flow approaches the centre 
hinge section, the isotropic core reduces in thickness and skin thickness as a 
percentage of the cross-section increases. There is a very complex flow pattern (‘double 
skin’ effect) in the hinge section itself (centre section), which (on the basis of the 
predictive studies presented in Chapter 5) is probably by hesitation of the polymer melt 
as it approaches the thin section. After the polymer melt flows past the hinge section, 
the skin thickness starts to decrease and the core size increases. 
273 
 
There is also possible evidence of some β-phase crystallites in the core (bright 
spherulites). However, their quantity is not very high as these could not be detected by 
DSC (see DSC trace in APPENDIX section E1). The presence of ‘double skin’ effect at 
low melt processing temperature could be the reason for FMAX showing lower values at 
lower Tm. At higher Tm, the degree of hesitation would be less, as a result the flow 
pattern would be less complex and more uniform. This is possibly the reason why FMAX 
tends to increase with increasing Tm. This would need to be verified by conducting 
further tests (Moldflow analysis and optical microscopy) as mentioned in the future work 
section.  
 
In the case of hinges moulded from the instrumented mould (as reported in Chapter 5), 
FMAX increases with a decrease in Tm. This is because at lower melt temperature the 
oriented skin formed is thicker compared to that at higher melt temperature (see Figure 
5.28 and Figure 5.29). However, an opposite trend is seen in closure hinges (see Figure 
3.55) moulded at Weener Plastics. For the closure hinges, at lower melt temperatures, 
the flow induced microstructure is complex, showing a double skin effect (Figure 9.7), 
which may contribute to mechanical weakness. At higher melt temperatures, the flow 
achieved in closure hinges would be predicted to be less complex and a more uniform 
microstructure would be attained. This should however be verified by conducting further 
optical microscopy and Moldflow analysis, in order to get a better and a more complete 
understanding of the trends achieved in closure hinges. In the case of hinges made 
from the instrumented mould (Chapter 5), FMAX increases with an increase in injection 
velocity. At lower injection velocity, there is hesitation which causes a very complex flow 
in the hinge section giving rise to a ‘double skin’ effect (Figure 5.52). In the case of 
hinge closures, injection velocity does not affect the FMAX. In order to understand the 
reason for achieving these trends and get a clear understanding, more optical 
microscopy need to be conducted (high injection velocity and low injection velocity 
samples).  
9.1.2 TENSION BANDS 
This section complementary to 9.1.1 (hinges) discusses the effect of melt temperature 
and injection velocity on FMAX, toughness and cycle time of PP-H closures (tension 
bands).The overall 3-factorial DoE predicted output equations, for FMAX and toughness 
respectively, are as follows: 
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FMAX (closure, tension band) = 5.3 + 1.6 (Vi) + 0.7 (Tm) + 24 (tC) – 0.1 (Vi.tC) - 0.1 (tC.Tm)
            [9.4] 
 
U (closure, tension band) = -1074 – 0.2 (Vi) + 6 (Tm) + 294 (tC) – 0.25 (Vi.tC) - 1.35 
(tC.Tm)            [9.5] 
 
(A) STRENGTH OF CLOSURE TENSION BANDS (FMAX) 
 
Figure 9.9 and Figure 9.10 show the variation of FMAX closure tension bands with 
varying injection velocity, melt temperature and cooling time. 
 
 
Figure 9.9: Variation of FMAX of PP-H closure (tension band), with varying Tm and Vi 
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Figure 9.10: Variation of FMAX of PP-H closure (tension band), with varying Tm and tc 
 
In the case of closures (tension bands), FMAX decreases with increasing Vi (Figure 9.9). 
This is in agreement with the trend that is observed in FMAX of tension bands 5 factor 
DoE (see Figure 5.33 and Figure 5.35 in Chapter 5). FMAX of closure tension bands is 
insensitive to melt temperature and cooling time (Figure 9.10). 
 
(B) TOUGHNESS OF CLOSURE TENSION BANDS (U) 
 
Figure 9. 11: Variation of Toughness of PP-H closure (tension band), with varying Tm and Vi 
276 
 
 
Figure 9.12: Variation of Toughness of PP-H closure (tension band), with varying Vi and tc 
 
Toughness of closure tension bands increase with a decrease in injection velocity and is 
insensitive to the ranges of melt temperature and cooling time under investigation (see 
Figure 9. 11 and Figure 9.12). Similar trend of toughness variation with varying injection 
velocity is observed in the 5 factor DoE study of tension band mentioned in Chapter 5 
(see Figure 5.36). 
 
(C)  CLOSURE TENSION BANDS - INTERPRETATION 
 
 
Figure 9.13: Optical micrograph of PP-H tension band closure (Tm= 210°C and Vi = 20 mm s-1) 
 
277 
 
From Figure 9.13 it can be seen that the flow in the closure tension band section is 
more uniform and less complex compared to the hinge microstructure. There is a 
distinct skin-core structure visible. Also it can be seen from Figure 9.13 that the closure 
tension band section is a long section with relatively uniform microstructure. As flow 
enters the tension band section it converges and then a skin-core morphology is 
obtained. At lower Vi the oriented skin is expected to be thicker, possibly a reason for 
FMAX to increase with decreasing Vi. However, further tests (Moldflow analysis, optical 
microscopy) have to be conducted to prove this point. This is mentioned in the future 
work section. 
In the case of tension bands moulded from the instrumented mould (Chapter 5), FMAX 
increases with a decrease in Tm, due to the oriented skin layer being thicker at lower 
melt temperatures (see Figure 5.37 and Figure 5.38). However, in the case of closure 
tension bands, Tm does not seem to have a significant effect on FMAX. In the case of 
closure tension bands, the skin thickness might not be affect by temperature to the 
same extent to that in tension bands moulded from instrumented mould. With an 
increase in injection velocity there is a decrease in FMAX, in the case of both tension 
bands moulded from instrumented mould (Chapter 5) and the closure tension bands 
reported here, since an increase in injection velocity causes a reduction in the oriented 
skin thickness of tension bands. 
 
9.2 PP-H, PP-IC, PP-RC – COMPARISON OF MECHANICAL 
PROPERTIES 
 
In this section an overall comparison of mechanical properties of PP-H, PP-IC and PP-
RC mouldings (hinges and tension bands moulded using the instrumented mould, as in 
Chapter 5) has been made. In the case of hinges, σyield and ᵋyield are compared for the 
different PP-grades. For tension bands, a comparison of σyield, ᵋyield and toughness for 
the 3 PP grades is reported. The samples moulded from the centre point of the 5 factor 
DoE study were subject to the comparison study. The processing conditions are those 
corresponding to Code-14 in Table 5.1(PP-H and PP-IC) and Table 5.6 (PP-RC). This 
approach has been carried out in order to compare the fundamental stress (σ) and 
strain (ᵋ) characteristics (rather than product-specific FMAX and toughness) so that the 
overall context and difference between PP grades can be seen more clearly. 
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9.2.1 PP-H, PP-IC, PP-RC – HINGES 
 
This section compares the stress (σyield) and strain (ᵋyield) of hinges moulded from the 3 
PP grades.  
 
  
Figure 9.14: Comparison of stress values of PP-H, PP-IC and PP-RC hinges with data sheet 
specified stress values 
 
 
  
Figure 9.15: Comparison of strain values of PP-H, PP-IC and PP-RC hinges 
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From Figure 9.14 it can be seen that, among the 3 PP-grades under investigation, PP-H 
has a highest yield stress value (59 MPa); the yield stress values of PP-IC and PP-RC 
are 15% and 17% lower compared to PP-H. The fact that PP-IC and PP-RC contain 
about 4% and 2.8% ethylene respectively (for calculations see APPENDIX section H2 
and H3), explains why the stress values for PP-IC and PP-RC are lower than that of PP-
H. Also from the DSC data (see Table 4.2) it can be seen that the percentage of 
crystallinity obtained by DSC for moulded PP-RC is (37%) lower compared to PP-H 
(48%) and PP-IC (47%). In the case of PP-RC, the presence of ethylene monomer in 
the PP chain detracts from chain regularity, hindering the crystalisability of the chain. 
The presence of ethylene also causes a reduction in crystallite thickness and therefore 
a reduction in melting temperature of PP-RC [134]. A study conducted by Dimitrios et al 
[135] on the effect of crystalline structure on tensile properties of tensile specimens 
moulded from PP random copolymer with enhanced β nucleating agents found that the 
presence of β crystals improved the tensile strength and ductility of the product. 
However, in the current study, there was no evidence of the presence of β crystals 
(Figure 5.60), probably because these are thin wall injection moulded components, with 
rapid cooling rates from the melt. 
Also, from Table 9.1 it can be seen that the Tg of PP-H is the highest (phase 1). PP-IC 
has slightly lower Tg compared to PP-H (phase 1). PP-IC also has a second Tg at -
34.8°C indicating the presence of a rubber phase (phase 2). PP-RC has the lowest Tg 
(phase 1) compared to PP-H and PP-IC. This also indicates that PP-IC and PP-RC are 
more suitable for closures on low temperature packaging compared to PP-H, for 
Unilever products. 
Table 9.1: Glass transition temperature values of the 3 PP-grades from DMA experiment (-150°C to 
40°C at 5° C per minute, 5 Hz frequency) 
PP GRADE Tg at E’ 
(°C) 
Tg at E” 
(°C) 
Tg at E’ 
(°C) 
Tg at E” 
(°C) 
PP-H 3.41 13.89 - - 
PP-IC 3.02 11.2 - -34.8 
PP-RC -5.29 5.09 - - 
 
Another important observation from Figure 9.14 is that, in the case of all three PP 
grades investigated, the σyield values achieved for hinges are significantly higher than 
those stated in the manufacturer’s data sheet (see Table 9.2), indicating the presence of 
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a very high degree of orientation in the hinge section, contributing to the increase in 
stress values.  
 
Table 9.2: Comparison of stress values (hinge vs data sheet values) 
 σyield hinge 
(MPa) 
σyield data sheet 
(MPa) 
PP-H 59 34 
PP-IC 50 30 
PP-RC 49 33 
 
From Figure 9.15 it can be seen that ᵋyield values for PP-H and PP-IC grades under 
investigation are very similar. ᵋyield values for PP-RC is significantly higher. 
9.2.2 PP-H, PP-IC, PP-RC – TENSION BANDS 
 
This section compares the stress (σyield) and strain (ᵋyield) and toughness at yield of 
tension bands moulded from the 3 PP grades.  
 
 
Figure 9.16: Comparison of yield stress values of PP-H, PP-IC and PP-RC tension bands with data 
sheet specified stress values 
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Figure 9.17: Comparison of strain values of PP-H, PP-IC and PP-RC tension bands 
 
 
Figure 9.18: Comparison of toughness values of PP-H, PP-IC and PP-RC tension bands 
 
Table 9.3: Comparison of stress values (tension band vs data sheet values) 
 σyield t-band 
(MPa) 
σyield data sheet 
(MPa) 
PP-H 54 34 
PP-IC 44 30 
PP-RC 48 33 
 
Similar to the observation in hinges, Figure 9.16 shows that in the case of tension 
bands, the σyield values for PP-H are higher than PP-IC and PP-RC. In the case of 
tension bands the σ values are also higher than those quoted in the data sheet 
indicating high degree of polymer orientation in the tension band section, as observed 
from optical micrographs. From Figure 9.17 and Figure 9.18 it can be seen that the ᵋy of 
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copolymers are about 10% higher than PP-H. Uy values of tension bands (PP-H, PP-IC 
and PP-RC) are not significantly different. 
 
Overall it can be stated that there is good agreement between the DoE trends achieved 
for PP-H tension bands on moulded closures (Chapter 9) and those moulded from 
instrumented mould (Chapter 9). However in the case of hinges, the agreement 
between closure and instrumented mouldings is not very clear. The fact that the tension 
band is a much simpler geometry with a more uniform flow mechanism, could be a 
reason why there is a good agreement between instrumented mouldings and closures. 
In the case of hinges, the part geometry is more complex, an indication that a hinge 
feature is much harder to replicate/simulate compared to tension bands. In order to 
have a better understanding of the trends achieved in the 3 factor DoE study of closure 
hinges, as a recommendation for future work, more optical micrographs (for high and 
low Vi and high and low Tm samples) would be useful in achieving a better 
understanding of the factors contributing to the current trend. 
 
On the comparison of the mechanical properties of the 3 PP grades, it can be found that 
both in the case of hinges and tension bands (moulded from instrumented mould), PP-H 
has higher σyield compared to PP-IC and PP-RC. ᵋyield  and toughness values for the 3 
PP grades does not vary significantly. Another important observation is the fact that, for 
all the 3 PP grades under investigation, the σyield values obtained for the hinge and 
tension band mouldings (instrumented mould) is about 74% and 59% higher than the 
value quoted in the suppliers data sheet (see APPENDIX section A). This confirms that 
there is a very high degree of orientation achieved in the hinge and tension band 
sections. This is also evident from the optical micrographs presented in section 5.9 and 
5.10. σy values of hinges are higher than σy values of tension bands. Whereas, ᵋy values 
of hinges are lower than ᵋy values of tension bands. This confirms higher degrees of 
orientation in the (thinner) hinge section. 
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10 CONCLUSIONS AND FUTURE WORK  
This chapter depicts all the relevant conclusions obtained from this research work. Also 
some key recommendations for the future are addressed. The overall research 
objective of this project was to increase the scientific knowledge of factors relating to 
hinged closures made from various PP grades including filled and post consumer 
recyclate material. The functional properties of the hinge and tension band are critically 
dependent on the flow-induced microstructure which arises during injection moulding. 
Moldflow simulation of hinge and tension band components were implemented to gain a 
complementary understanding of the processing of hinges and tension bands in 
predictive mode. To complement the CAE simulation, practical injection moulding with 
in-cavity data capture was carried out. In view of having a systematic approach to the 
research, a Design of Experiments (DoE) stratergy was utilised. From a sustainability 
point of view, the possible use of nano-composites and post consumer recyclate PP in 
high volume FMCG packaging applications was also explored.  
The vital conclusions from this research work are presented below in more detail: 
 
10.1 INJECTION MOULDING – REAL TIME AND MOLDFLOW 
SIMULATION 
 
The comparison of practical in-cavity data with Moldflow simulated data for thin wall 
injection moulded component has revealed some interesting information. 
 A visual comparison of extent of fill predicted by Moldflow simulation and that 
observed in reality shows good agreement, especially for the mould filling 
(injection) phase. 
 A sensor pre-load test revealed that pressure was registered by in-cavity sensors 
during the opening and closing of the mould. This fault was rectified by making 
slight adjustments to position of the transducers by loosening the fit by half a 
screw length, so as to provide enough clearance for the transducers to move 
during mould opening and closing. 
 The existing set up used to initiate pressure measurement was modified and 
enhanced such that the pressure measurement started at the same ‘zero’ point in 
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time when the screw moves forward to inject the polymer. This modification has 
facilitated a better understanding and interpretation of the in-cavity pressure data,  
to distinguish more accurately between the various stages of the injection 
moulding process and the effects of important process variables.  
 Comparisons of in-cavity pressure and those simulated by Moldflow show that 
pressure values obtained using a dual domain mesh are more close to the 
pressure values observed in real time. This supports the claim by Moldflow that a 
dual domain mesh is more suitable in simulating the injection moulding process 
of thin wall parts. 
 Comparison of in-cavity pressure and Moldflow simulated pressure data indicates 
that for a thin wall component, there is good agreement with real time and 
simulation in the injection phase. However in the packing phase there is a 
significant disagreement. Simulation predicts the injection phase (relative to in-
cavity data) very well; differences occur on the packing phase, for example, AMI 
predicts a shorter pack time (faster reduction of pressure) than is seen in 
practice. This is an important discovery which highlights the importance of having 
an in-cavity data capturing system in manufacturing practice. Generally users of 
Moldflow would run a simulation and trust the results obtained to be flawless. 
However, as shown in this study, by actually comparing the Moldflow predicted 
data with real time in-cavity data, it is possible to get more accurate 
understanding and highlight the gaps in injection moulding simulation. 
10.2 DESIGN OF EXPERIMENTS FOR PP-HOMOPOLYMER, PP-
IMPACT COPOLYMER AND PP-RANDOM COPOLYMER 
 
 The instrumented hinge and tension band cavity (Figure 3.28) was designed by 
Unilever specifically for this project. The position of the gates in the instrumented 
cavity were such that the flow length and times (across the hinge and tension 
band sections) achieved in the instrumented moulded replicated that in an actual 
closure containing a hinge and tension band feature. 
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 Various explorations were conducted on the injection moulding machine and the 
tool followed by certain modifications (mentioned in section 3.3),to define the 
processing window before the range of variables could be defined for the DoE. 
 A 5 factor DoE was implemented with 27 different processing conditions 
investigated. The 5 factors under investigation were mould and melt 
temperatures, injection velocity, packing pressure and packing time. In the case 
of all the three polymers, the effect of the 5 factors on the maximum force (FMAX) 
and toughness (U) of hinges and tension bands were studied. In the case of PP-
H only, two additional factors were studied, real time ‘delta pressure’ (ઢP) across 
the thin section (i.e. ઢP across the hinge and ઢP across the tension band) and 
ઢP at (injection-packing) switch over predicted by Moldflow for hinge and tension 
band cavity.The most influential factors and their effect on FMAX and toughness of 
hinge and tension band is shown in Table 10.1. 
 
Table 10. 1: Effect of melt temperature and injection velocity on the FMAX and toughness of hinges 
and tension bands 
 Influential 
variables 
Effect in FMAX Effect on U 
PP-H Hinge Tm,  Inversely related Directly related 
 Vi Directly related Directly related 
PP-H Tension band Tm Inversely related Directly related 
 Vi Inversely related Inversely related 
PP-IC Hinge Tm Inversely related Directly related 
 Vi Directly related Directly related 
PP-IC Tension band Tm Inversely related Directly related 
 Vi Directly related Directly related 
PP-RC Hinge Tm Directly related Inversely related 
 Vi Inversely related Directly related 
PP-RC Tension band Tm Directly related Directly related 
 Vi Directly related Directly related 
 
 
PP-H HINGE 
 
 FMAX, ઢPMAX (real time) and ઢPMAX at v/p switch over (Moldflow simulation) 
decrease with an increase in melt temperature. ઢPMAX (real time) and ઢPMAX at 
v/p switch over (Moldflow simulation) decrease with a decrease in Vi. The 
reasons for these observations are summarised below 
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 The hinge section has a clear skin-core-skin morphology, with the skin thickness 
increasing with a decrease in melt temperature. This increase in the skin 
thickness causes an increase in FMAX at lower melt temperature. At higher melt 
temperature the observed microstructure reveals the flow through the hinge 
section to be more complex. For example a comparison Figure 5.28 and Figure 
5.29 not only shows that the skin thickness in higher at lower melt temperature, it 
is also shows that the flow pattern is much more uniform. 
 The crystallinity of the hinge section does not vary with varying melt temperature, 
and is not to be a contributory factor towards the observed changes in behaviour. 
 A skin-core-skin morphology is also achieved for hinges processed at high and 
low injection velocity. The thickness of oriented skin layer is higher at lower 
injection velocity compared to higher injection velocity, but the flow is complex 
and gives rise to a ‘double skin’ effect which has been observed as a result of 
relatively low injection speed.  
 The crystallinity of the hinge section processed at higher injection velocity is 
slightly higher compared to that processed at low injection velocity, but again, the 
overall degree of crystallinity is thought to be secondary to the material 
morphology and orientation in the ‘skin’ layer. 
 
PP-H TENSION BAND 
 
 The trends observed for tension bands are similar to hinges where FMAX, ઢPMAX 
(real time) and ઢPMAX at v/p switch over (Moldflow simulation) decrease with an 
increase in melt temperature.  
 An increase in Vi cause a decrease in ઢPMAX (real time) and ઢPMAX at v/p 
switchover (Moldflow simulation). 
 A skin-core-skin morphology, with the skin thickness increasing with a decrease 
in melt temperature is observed. This increase in the skin thickness causes an 
increase in FMAX at lower melt temperature due to increased degree of 
orientation. 
 The crystallinity of the tension band section does not vary with varying melt 
temperature but unlike the trends seen in hinges the crystallinity of the tension 
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band section processed at lower injection velocity is slightly higher compared to 
that processed at high injection velocity. 
 The thickness of oriented skin layer is higher at lower Vi compared to that 
processed at higher injection velocity. At lower injection velocity there is a higher 
degree of hesitation in the tension band section. 
 
PP-IC HINGE 
 
 A skin-core-skin morphology is seen, with highly oriented skin. The skin 
thickness increases with decreasing Tm. 
 The possible increase in degree of polymer orientation with increasing Vi may be 
the reason for higher FMAX values observed at higher Vi. Toughness increases 
with increasing Vi because of higher strain at break values achieved at higher Vi 
 
PP-IC TENSION BAND 
 
 FMAX and toughness increases with increasing Vi due to the same reasons as 
explained for PP-IC hinges. 
 A skin-core-skin morphology is observed. As the flow enters the tension band 
region, the core reduces initially and then appears to increase, possibly due to 
the hesitation of flow occurring during mould filling. 
 
PP-RC HINGE 
 
 FMAX increases with increasing Tm whereas toughness decreases with Tm. 
However these variations are small. 
 A skin-core-skin morphology is observed, with the core decreasing in thickness 
as the flow approaches the centre section of the hinge due to hesitation. 
However the core has a very fine crystalline structure compared to PP-H and PP-
IC. 
 FMAX decreases with increasing Vi whereas toughness increases with Vi. The 
thickness of the oriented skin is higher at lower Vi thus explaining the trend seen. 
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PP-RC TENSION BAND 
 
 FMAX increases slightly with increasing Tm and a larger increase is observed 
toughness with increasing Tm. The fact that the thickness of the samples 
moulded at higher melt temperatures is slightly higher explains the trends 
observed. 
 A distinct skin-core-skin morphology is seen with core reducing in thickness as it 
approaches the tension band section indicating the occurrence of hesitation. The 
core has a much finer structure compared to PP-H and PP-IC. 
 The selected Vi range appears to be narrow, to show any significant variation of 
FMAX and toughness in PP-RC tension bands. 
10.3 POLYPROPYLENE CLAY NANO-COMPOSITES (PPCN) 
 
Research underpinning the potential exploitation of PP based nanocomposites in a high 
volume FMCG packaging application has been carried out. TEM micrographs reveal the 
presence of high degree of orientation of nano-clay in the hinge and tension band 
sections along the flow direction. Exfoliation of clay platelets is also evident from TEM 
micrographs (Figure 6.19).  However, despite the good distribution and dispersion 
evident from the TEM analysis the addition of nanoclay has not improved the tensile 
strength of the PPCN. XRD results does not show evidence of any increase in clay 
inter-layer spacing, on the contrary a reduction is observed. Some possible reasons for 
the lack of improvement of mechanical properties on PPCN are : 
Clay inter-layer spacing: 
XRD results show that in some cases, compared to pure Cloisite – 15A, the interlayer 
spacing between individual clay layers in the PPCN has reduced. This has possibly 
occurred due to the high processing temperatures and screw speeds used during the 
processing of PPCN during compounding, which may have caused thermal degradation 
of the surface coating of the organoclays thus causing the clay spacing to reduce.  
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Geometry of hinge and tension band section: 
Hinge and tension band sections under investigation are thin wall injection moulded 
components, whose thicknesses are less than 1mm. Polymer melt flowing through 
these thin sections experience very high shear stress and shear rates thus causing high 
levels of polymer orientation in these sections. The yield stress of PP-H hinges and 
tension bands achieved is twice as much as the value stated in the data sheet. The 
effect of improvement in mechanical properties due to molecular orientation is very high 
and this masks any improvement in mechanical properties caused by nano-clays. 
10.4 POST CONSUMER RECYCLATE POLYPROPYLENE 
This investigation was conducted to enhance sustainable design and post consumer 
waste management strategies for the future. Initially the effect of re-processing on the 
mechanical properties of PP-IC hinges and tension bands were studied. MFI values 
increased with an increase in number of reprocessing cycles. Hinges and tension bands 
produced from material (also reprocessed three times) showed that the FMAX of these 
mouldings (hinges and tension bands) were comparable to virgin PP-IC hinges and 
tension bands. In fact the FMAX values increased with an increase in the number of 
reprocessing cycles, but with a slight reduction in elongation at break values. Based on 
these results, adding up to 50% of re-processed content with virgin PP could be 
considered, to mould hinges and tension bands.  
The addition of a grade of post consumer recyclate PP to PP-H did not cause significant 
variations in MFI values. FMAX values of both hinges and tension bands decreased with 
an increase in recyclate content. In the case of hinges moulded from 100% PCR-PP, 
there was a 14% reduction in FMAX values compared to those moulded from 100% virgin 
PP. In the case of tension bands this reduction was aging 14%. The recyclate PP also 
contained some HDPE, identified by DSC. The reduction in FMAX can be attributed to the 
presence of PE which is less stiff compared to PP. It was also seen that the modulus is 
higher for hinges and tension bands moulded from virgin PP (see Figures 7.14 and 
7.15). In the case of both hinges and tension bands, an increase in strain at break was 
also observed with an increase in PCR content. The presence of polyethylene 
contributed to slightly higher strain. A skin-core-skin morphology was observed for both 
hinges and tension bands, and the microstructure of recyclate PP was finer than that of 
virgin PP-H. Toughness variation with PCR-PP did not show a clear trend. 
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10.5 EFFECT OF COLOUR PIGMENTS 
The effects of selected pigments on processing, microstructure and mechanical 
properties of thin section hinges and tension bands were investigated. 2 factor DoE 
analyses were conducted using PP compounds containing a violet pigment and a green 
pigment and the outcomes were compared to those from natural PP-H, which was the 
control/reference material.  
In the case of hinges, the highest FMAX values obtained are from green hinges. It was 
also observed that the mechanical properties of the green hinges are less sensitive to 
change in process conditions (i.e. change in Vi and Tm) and comparisons of yield stress 
values of hinges show that green hinges are correspondingly stronger. It was also 
observed that in the case of all the coloured hinges investigated (natural, green and 
violet), yield stress and stress at break values achieved were significantly higher that 
the yield stress value stated in the suppliers datasheet. This again indicates high levels 
of orientation in the thin section. ᵋy values of hinges did not vary with the colour 
compound. 
DSC results indicate that the onset of PP crystallisation temperature of green hinges is 
about 16 to 17°C higher than for natural and violet PP hinges. This is a very significant 
difference and indicates that the green pigment is highly nucleating. As a consequence 
the green hinges are very different to natural and violet, in terms of mechanical 
properties. The yield stress value for green hinges is about 21% and 15% higher than 
natural and violet hinges respectively. Optical micrographs show that all the hinges 
(natural, green and violet) have a distinct skin-core-skin morphology and similar flow 
patterns. The microstructures of natural and violet hinges are very similar, however the 
microstructure of green hinges is very fine (compared to natural and violet) further 
indicating the high nucleating efficiency of the green pigment. 
Similar to the trend seen in the case of hinges, the yield stress of green PP tension 
bands are higher than that of natural and violet. Toughness of green tension bands is 
slightly higher than that of natural and violet. The ᵋy values do not vary with colour. It is 
also observed that the yield stress values of all coloured tension bands (natural, green 
and violet) are higher than the yield stress values specified in the manufacturer’s data 
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sheet, for isotropic material, indicating that the polymer in the tension bands section is 
highly oriented. 
The onset of crystallisation temperature for green PP tension bands is 16°C higher than 
for natural and violet tension bands, similar to what is seen in the case of hinges. Again, 
the crystalline microstructure of green tension bands is much finer compared to natural 
and green. The main research outcome from this investigation is that green tension 
bands are very different to natural and violet PP, due to the high nucleating capacity of 
the green pigment and the difference in crystalline texture which arise. 
10.6 INDUSTRIAL VALIDATION 
In order to validate the trends and results obtained from 5 factor DoE study 
(instrumented mould tool) with an industrial production tool, a 3 factor DoE was 
conducted at Weener Plastics Germany and the trends and results were compared with 
that of 5 factor DoE reported in Chapter 5.  
In the case of closure hinges, FMAX increases with an increase in melt temperature and 
with increasing cooling time and is not affected by variation in injection velocity. 
Toughness of the closure hinge increase slightly with increasing injection velocity. 
Optical micrographs reveal a skin-core morphology in the hinge section with the skin 
thickness increasing as the flow enters the most restricted section. This occurs as a 
result of flow hesitating on reaching the thin section. As the polymer flows past the 
hinge section, the isotropic core increases in thickness on flowing past the hinge section 
(occupying the remaining section of the closure), there are some beta crystals (β-form) 
detected, seen as bright (birefringent) spots in the micrographs. DSC does not detect 
the presence of β-form indicating the small quantities involved. Cycle time is inversely 
related to injection velocity, directly related to cooling time and is insensitive to melt 
temperature as would be predicted from a conventional injection moulding process.  
For tension band closures, FMAX increases with decreasing injection velocity and is not 
affected by a change in melt temperature or cooling time. Injection velocity and melt 
temperature have a similar effect on toughness, i.e. inversely related. As anticipated, 
toughness is not affected by varying cooling time. Once again the optical micrographs 
reveal a distinct skin-core morphology in the thin sections but with a less complex flow 
compared to closure hinges, due to the longer flow path length within the tension band. 
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10.7 DESIGN RULES 
In order to recommend optimum polymer grade and optimum process conditions for 
moulding hinges and tension bands, a comparison of hinges and tension bands 
moulded form the 3 PP grades (PP-H, PP-IC and PP-RC) were done. In the case of 
hinges, yield stress and yield strain were compared for the different PP-grades and in 
the case of tension bands a comparison of yield stress yield strain and toughness for 
the 3 PP grades is reported. Estimation of stress takes into account the cross sectional 
area of the samples, as a result it is an improved parameter in comparing the 
mechanical properties of the components, since there are some minor changes in 
specimen dimensions. 
The yield stress of PP-H hinges is higher than that of PP-IC and PP-RC. The presence 
of ethylene in PP-IC and PP-RC is the usual cause for lower yield stress values. Yield 
strain values for PP-H and PP-IC are very similar, and slightly lower than for PP-RC. 
DSC analysis shows similar trends for crystallinity; PP-H and PP-IC are very similar and 
are higher than PP-RC. The presence of ethylene monomer in PP-RC distorts chain 
regularity and hinders crystallisability of the PP chains. The Tg values of PP-H and PP-
IC are very similar, and are higher than for PP-RC. However, PP-IC has two glass 
transition temperatures, the Tg associated with a second phase is much lower than PP-
H and PP-RC, indicating the presence of an elastomeric phase in PP-IC. It is observed 
that for the PP grades under investigation, yield stress is about 1.5 to 2 times higher 
than yield stress values quoted in manufacturer’s datasheet, indicating very high levels 
of polymer orientation in the hinge (thin wall injection moulded) section.  
Similar to hinges, in the case of tension bands, yield stress is highest for PP-H. Yield 
stress for PP-RC is slightly higher than PP-IC. For all the PP grades under investigation, 
the yield stress values of tension bands are higher than that of data sheet quoted values. 
This indicates the high levels of orientation in the tension band section. The yield strain 
and toughness values for tension bands of 3 PP grades are very similar. 
Based on the above findings, the following can be recommended for hinges and tension 
bands: 
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Table 10.2 Optimum polypropylene grade and process conditions 
   Optimised processing condition 
Part Property required Recommended PP grade 
Tc 
(°C) 
Tm 
(°C) 
vi 
(%) 
PP 
(MPa) 
tP 
(s) 
Hinge 
Strength PP-H 10 220 23 50 3 
Durability PP-RC 10 220 26 60 3 
Low temperature 
application PP-IC 10 220 23 20 3 
Tension 
band 
Strength PP-H 10 220 23 50 3 
Stiffness PP-H 10 220 23 50 3 
Elasticity PP-RC 10 220 26 60 3 
Low temperature 
application PP-IC 10 220 23 20 3 
 
10.8 FUTURE WORK 
 
The following recommendations for future work has been suggested 
 
INJECTION MOULD TOOL 
In the current research investigation, an instrumented hinge and tension band insert 
cavity slides into a slot on the moving half of the mould tool. This makes it convenient 
and less time consuming to switch between the instrumented cavity and other similar 
cavities used for lab demonstrations. However, this is not the most precise and effective 
method of accurately capturing and investigating the in-cavity data of thin wall injection 
moulding components. In the later stages of this project, slight movement of the cavity 
was detected during moulding, which caused excessive flashing and the process was 
difficult to control. Thus it is recommended for further study than an instrumented mould 
be used, with a hinge and tension band cavity specifically machined on to a separate 
mould block, solely intended for this investigation, and not as an insert into a shared 
mould bolster. 
 
COMPOUNDING OF PPCN 
In the current study, the organo modified nano-caly was compounded using a twin 
screw extruder (APV) with L/D ratio of 30:1. This high L/D ratio may have caused the 
organo surface to thermally degrade during compounding, as a result causing clay 
compaction in the PPCN’s. The compounding process requires revision and 
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improvement. It would be useful to investigate optimum screw design and process 
conditions, to minimise. 
 Actual process temperatures 
 Time spent at these temperatures, during compounding 
 Mechanical shear stress 
The above mentioned points would reduce the tendency to degrade the clay coating. 
However, it should be noted that minimising shear stress would also reduce the degree 
of mixing/intercalation/exfoliation. 
 
INDEPTH STUDY OF POST CONSUMER RECYCLATE 
A more detailed study of post consumer recyclate PP would be beneficial in gaining a 
better understanding of the possibility of using PCR for moulding hinges and tension 
bands. Analysis of stability, contamination i.e., a more scientific study relating PCR 
processing, stability, purity to end performance. 
 OM – contamination, crystalline structure 
 OIT – oxidative stability 
 DSC – composition of PCR 
 TGA – degradation 
Also, in the current research study conducted on reprocessed PP, the maximum 
number of times the PP was reprocessed was 3. This did not cause a significant 
difference to the mechanical properties of hinges and tension bands, compared to that 
of virgin PP. Thus in order to understand the maximum number of times PP can be 
reprocessed before significant reduction in the mechanical properties of hinges and 
tension bands is observed, it is recommended to increase the number of times of 
reprocessing to 10, and then mould hinges and tension bands from this and subject 
them to mechanical testing. 
 
MOLDEX SIMULATION 
From a comparison of Moldflow simulation using DD and 3D mesh, it is seen that a DD 
mesh simulates more accurately the processing of hinges and tension bands. A 
comparison of simulated data from Moldex with the actual in-cavity data would help in 
choosing between Moldflow and Moldex to simulate the process more accurately. 
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In the case of commercial closures (hinges and tension bands) studied, it would be 
beneficial to have a Moldflow/Moldex analysis carried out, in order to understand the 
effects of hesitation. 
Also optical micrographs of samples moulded at a low and high Tm would help in 
achieving a better understanding of the flow pattern through the closure hinge section. 
Similarly, in the case of closure tension bands under consideration, simulation and 
optical microscopy at low and high Vi would be useful in understanding the variation of 
skin thickness with varying Vi. It is also recommended to obtain and compare the optical 
micrographs of closure tension bands at low and high Tm in order to see if there is any 
noticeable difference in the microstructures of closure tension bands with varying Tm. 
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APPENDIX  
A.MATERIALS 
 A1. DATA SHEET – (PP-H)
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A2. DATA SHEET – (PP-IC) 
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A3 DATA SHEET – (PP-RC) 
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A4 DATA SHEET – CLOISITE 15-A 
 
Southern Clay Products, Inc.  
Cloisite® 15A 
1212 Church Street 
Gonzales, TX 78629 
Phone: 800-324-2891 
Fax: 830-672-1903 www.scprod.com  
Typical Physical Properties Bulletin  
Description: 
Cloisite® 15A is a natural montmorillonite modified with a quaternary ammonium salt. 
 
Designed Used: 
Cloisite® 15A is an additive for plastics and rubber to improve various physical 
properties, such as reinforcement, CLTE, synergistic flame retardant and barrier. 
 
 
Typical Properties: 
CH3 
| 
CH3 ─ N+─ HT 
| 
HT 
Where HT is Hydrogenated Tallow (~65% C18; ~30% C16; ~5% C14) 
Anion: Chloride 
(1) 2M2HT:  dimethyl, dihydrogenatedtallow, quaternary ammonium 
 
Typical Dry Particle Sizes: (microns, by volume) 
 
10% less than: 50% less than: 90% less than: 
2µm 6µm 13µm 
 
Color: Off White 
Density: 
 
Loose Bulk, lbs/ft3 Packed Bulk, lbs/ft3 Density, g/cc 
10.79 18.64 1.66 
 
X Ray Results:  d001 = 31.5Å 
For additional information or technical assistance contact Southern Clay Products, 
Inc. toll free at 800-324-2891. 
 
Disclaimer of Warranty: The information presented herein is believed to be accurate but is not to be taken as a warranty, guarantee, 
or representation for which we assume legal responsibility. This information does not grant permission, license, or any rights or 
recommendations to practice any form of proprietary intellectual property without obtaining the appropriate license or grant from the 
property owner. The information is offered solely for your consideration, investigation and verification, but you must determine the 
suitability of the product for your specific application. The purchaser assumes all risk of use of handling the material, including but 
not limited to transferring the material within purchaser's facilities, using the material in applications specified by the purchaser and 
handling any product which includes the material, whether or not in accordance with any statements made herein. 
 
Treatment/Properties: Organic Modifier (1) 
Modifier 
Concentration 
% 
Moisture 
% Weight 
Loss on Ignition 
Cloisite® 15A 2M2HT 125 meq/100g clay < 2% 43% 
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A5 – POLYBOND 3200 DATASHEET (PP-g-MAH) 
 
 
 
 
311 
 
B. PUBLICATION  
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C. INJECTION MOULDING SIMULATION – AUTODESK MOLDFLOW INSIGHT (AMI) 
C1. PP-H MATERIAL (MOLDFLOW CHARACTERISATION INFORMATION) 
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C2. PP-IC MATERIAL (MOLDFLOW CHARACTERISATION INFORMATION) 
 
314 
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C3. PP-RC MATERIAL (MOLDFLOW CHARACTERISATION INFORMATION) 
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C4 MACHINE INTENSIFICATION RATIO CALCULATION 
Intensification ratio = ௔ೝ௔ೞ 
dr = Diameter of ram used in NB-62 = 110 mm 
ds = Diameter of screw used in NB-62 = 28 mm 
ar = Area of ram used in NB-62 = (3.14) x (110/2)2 
as = Area of injection screw used in NB-62 = (3.14) x (28/2)2 
Intensification ratio = ଽହ଴଴଺ଵହ  = 15.5 
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C5 MACHINE HYDRAULIC RESPONSE TIME 
 
A hydraulic pressure of 7 bar was set, and from the graph screen shot, it can be seen 
that to achieve the set pressure of 7 bars, the machine takes 0.5 seconds. This is the 
hydraulic response time for the NB62. 
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D INJECTION MOULDING PRACTICAL STUDIES AND IN-CAVITY DATA 
ACQUISITION SYSTEM 
D1 DATA SHEET FOR TRANSDUCER TYPE 6189A 
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D2 PROCEDURES FOR SETTING UP DATA FLOW 2.5 FOR DATA ACQUISITION 
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E – ANALYTICAL TECHNIQUES – POLYMERS 
E1 DSC 
% crystallinity in PP = ௱ு೑௱ு೑	భబబ% 
For 100% crystalline PP, ߂ܪ௙ଵ଴଴% = 207 (J g-1) 
For 100% crystalline PE, ߂ܪ௙ଵ଴଴% = 293 (J g-1) 
where ઢHf = enthalpy of fusion of Polymer sample 
ઢHf100 = enthalpy of fusion for 100% crystalline sample 
DSC TRACES FOR PP-H 
 
329 
 
 
 
330 
 
 
 
DSC TRACES FOR PP-IC 
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DSC TRACES FOR PP-RC 
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DSC TRACES FOR PP-H CLOSURE HINGES 
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F – TENSILE TESTING OF HINGES AND TENSION BANDS 
F1. Calculation of cross head speed for tensile testing 
Strain = ቀ௱௅௅బቁ 
L0 = Original length of hinge section = 0.9 mm approximately 
ઢL = change in length of hinge during opening = 1 mm approximately (assume) 
Opening time for a closure with a hinge and tension band mechanism = 0.5 s (assume) 
Strain = ቀ଴.ଽଵ ቁ = 0.9 
Strain rate = ቀ଴.ଽ଴.ହቁ = 1.8 s-1 
To achieve ઢL = 0.9, in 0.5 seconds 
A cross head speed of 108 mm s-1 should be used. 
This speed was approximated to 100 mm s-1 for tensile testing hinges and tension 
bands. 
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G – VOLUME FRACTION CALCULATION 
G1. Conversion from weight fraction to volume fraction  
For formulation 0E, 1C 
Weight of PP-H (W1) = 1960 g 
Weight of Clay (W2) = 20 g 
Weight of PP-g-MAH (W3) = 20 g 
Total weight = 2000 g 
Density of PP-H (ρ1) = 0.9 g cm-1 
Density of Cloisite 15-A (ρ2) = 1.66 g cm-1 
Density of PP-g-MAH (ρ3) = 0.91 g cm-1 
V1 = ቀௐଵ஡ଵቁ =2177.8 
V2 = ቀௐଶ஡ଶቁ = 12.05 
V3 = ቀௐଷ஡ଷቁ = 22 
V1+V2+V3 = V = 2211.8 
ቀଵ୚ቁ = 4.52 x 10-4 
Volume fraction of PP = VfPP = V1 * ቀଵ୚ቁ * 100 = 98.44% 
Volume fraction of Clay = VfC = V2 * ቀଵ୚ቁ * 100 = 0.56% 
Volume fraction of PP = VfMAH = V3 * ቀଵ୚ቁ * 100 = 1 % 
 
G-2 INTER LAYER SPACING CALCULATION USING BRAGG’s LAW 
2d Sinθ = nλ       (3.8) 
d = crystal lattice spacing (spacing between gallaries within individual clay particles) 
θ = angle between the incident radiation and scattering plane 
n = order of reflection 
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λ = wavelength of X-rays 
For formulation 0E,2C 
2θ = 2.67° 
n =1  
λ = 1.54 Å 
d = ቀ ଵ௫ଵ.ହସଶ௫଴.଴ଶଷଷቁ = 3.31 nm 
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H – Fourier Transform Infrared Spectroscopy 
H1 – FTIR (PP-H)
 
H2 – FTIR (PP-IC) 
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Ratio of PE peak (721.4 cm-1) to PP peak (1166.97 cm-1) corrected intensities = ቀ଴.଴଼ହ଼ଵ.ଵହ଴ଶቁ 
= 0.075 
We know that a ratio of 0.14% = 7.5% ethylene content 
Therefore, a ratio of 0.075 = 4% ethylene content 
H3 – FTIR (PP-RC) 
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H4 – FTIR (PCR-100) 
 
Ratio of PE peak (732.97 cm-1) to PP peak (1166.97 cm-1) corrected intensities = ቀ଴.଴ଷଽହ଴.଻ଶ଻଼ቁ 
= 0.054 
We know that a ratio of 0.14% = 7.5% ethylene content 
Therefore, a ratio of 0.054 = 2.9% ethylene content 
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I DYNAMIC MECHANICAL ANALYSIS (DMA): 
I1 DMA – (PP-H) 
 
I2 DMA – (PP-IC) 
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I3 DMA – (PP-RC) 
 
I4 DMA – (PCR – PP) 
 
 
 
343 
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List of abbreviations : 
XRD – X-ray diffraction 
TEM – transmission electron microscopy 
PPNC’s – Polypropylene clay nano-composites 
CCV – PP homopolymer passed once through extruder then injection moulded 
PP-H – Polypropylene homopolymer 
PP-IC – Polypropylene impact co-polymer 
PP-RC – Polypropylene random co-polymer 
CC(0E) – caly:compatibliser:erucamide (1:1:0) 
CC(0.25E) – clay:compatibliser:erucamide (1:1:0.25) 
CC(0.5E) - clay:compatibliser:erucamide (1:1: 0.5) 
CC(0.75E) - clay:compatibliser:erucamide (1:1: 0.75) 
CC(1E) - clay:compatibliser:erucamide (1:1:1) 
CC(2C) - clay:compatibliser:erucamide (2:2:0.25) 
CC(3C) - clay:compatibliser:erucamide (3:3:0.25) 
CC(4C) - clay:compatibliser:erucamide (4:4:0.25) 
CC(5C) - clay:compatibliser:erucamide (5:5:0.25) 
0E0C – erucamide:clay:compatibliser (0:0:0) – control 
0E1C - erucamide:clay:compatibliser (0:1:1) 
0E2C - erucamide:clay:compatibliser (0:2:2) 
0E3C - erucamide:clay:compatibliser (0:3:3) 
0E4C - erucamide:clay:compatibliser (0:4:4) 
0E5C - erucamide:clay:compatibliser (0:5:5) 
0.75E, 1C - erucamide:clay:compatibliser (0.75:1:1) 
1.5E, 2C- erucamide:clay:compatibliser (1.5:2:2) 
2.25E, 3C- erucamide:clay:compatibliser (2.25:3:3) 
3E, 4C- erucamide:clay:compatibliser (3:4:4) 
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3.75E, 5C - erucamide:clay:compatibliser (3.75:5:5) 
 
PP-RE1 (0) – PP-IC reprocessed once 0 parts by weight, virgin PP-IC 100 parts by 
weight 
PP-RE1 (10) – PP-IC reprocessed once 10 parts by weight, virgin PP-IC 90 parts 
by weight 
PP-RE1 (20) – PP-IC reprocessed once 20 parts by weight, virgin PP-IC 80 parts 
by weight 
PP-RE1 (50) – PP-IC reprocessed once 50 parts by weight, virgin PP-IC 50 parts 
by weight 
PP-RE1 (100) – PP-IC reprocessed once 100 parts by weight, virgin PP-IC 0 parts 
by weight 
PP-RE3 (0) – PP-IC reprocessed thrice 0 parts by weight, virgin PP-IC 100 parts by 
weight 
PP-RE3 (10) – PP-IC reprocessed thrice 10 parts by weight, virgin PP-IC 90 parts 
by weight 
PP-RE3 (20) – PP-IC reprocessed thrice 20 parts by weight, virgin PP-IC 80 parts 
by weight 
PP-RE3 (50) – PP-IC reprocessed thrice 50 parts by weight, virgin PP-IC 50 parts 
by weight 
PP-RE3 (100) – PP-IC reprocessed thrice 100 parts by weight, virgin PP-IC 0 parts 
by weight 
PCR0 ‘control’ – PCR-PP 0 parts by weight, virgin PP-H 100 parts by weight 
PCR25 – PCR-PP 25 parts by weight, virgin PP-H 75 parts by weight 
PCR50 – PCR-PP 50 parts by weight, virgin PP-H 50 parts by weight 
PCR75 – PCR-PP 75 parts by weight, virgin PP-H 25 parts by weight 
PCR100 – PCR-PP 100 parts by weight, virgin PP-H 0 parts by weight 
PP-H(G) – PP-H containing 6% green masterbatch 
PP-H(V) – PP-H containing 6% violet masterbatch  
AMI – Autodesk Moldflow Insight 
XP – polarised light 
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PC – phase contrast  
NB-62 – Negri Bossi Injection Moulding Machine (maximum clamp force 62 
tonnes)  
ar = Area of ram (hydraulic cylinder) used in NB-62  
as = Area of injection screw used in NB-62 
dr = Diameter of ram used in NB-62 
ds = Diameter of screw used in NB-62 
CCD – Central Composite Design  
(MW) - weight average molecular weight  
(Mn) - number average molecular weight  
(MWD). molecular weight distribution  
